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ABSTRACT 
.A genera l  solution i s  presented f o r  water waves generated by 
a n  a r b i t r a r y  movement  of the bed (in space  and t ime)  i n  a two-dimen- 
sional flluid domain with a uniform depth. The in tegra l  solution which 
i s  developed i s  based on a l inear ized  approximation to the  complete 
(nonlinear) s e t  of governing equations. The genera l  solutj.on i s  evaluated 
f o r  the  {specific ca se  of a uniform upthrust  o r  downthrow of a block 
sect ion of the bed; two t ime-displacement  h i s to r i e s  of the bed move-  
men t  a r e  considered.  
,An in tegra l  solution (based on a l i nea r  theory)  i s  a lso  developed 
fo r  a three-dimensional  fluid domain of uniform depth fo r  a c l a s s  of bed 
movements  which a r e  axially symmet r i c .  The in tegra l  solution i s  
evaluated for  the specific ca se  of a block upthrust  o r  downthrow of a 
sect ion of the bed, c i r cu l a r  i n  planform, with a t ime-displacement  
h i s to ry  identical  to one of the motions used in  the two-dimensional 
model.  
Since the l inear  solutions a r e  developed f r o m  a 1i.nearized 
approxirnation of the complete nonlinear descr ipt ion of w,ave behavior,  
the applicability of these  solutions i s  investigated.  Two ,types of non- 
l i nea r  effects a r e  found which l imi t  the applicability of th.e l inear  
theory: (1) l a r g e  nonlinear effects which occur  i n  the re;gion of gener -  
ation during the bed movement ,  and ( 2 )  the gradual  growth of nonlinear 
effects during wave propagation. 
.A model  of wave behavior,  which includes,  i n  an  approximate  
m a n n e r ,  both l inear  and nonlinear effects i s  presented for  computing 
wave profi les af ter  the l inear  theory has  become invalid due to the 
growth of nonlineari t ies during wave propagation. 
.An exper imental  p r o g r a m  h a s  been conducted to c:onfirm both 
the l i nea r  model fo r  the two-dimensional fluid domain and the s t ra tegy  
suggested fo r  determining wave prof i les  during propagation af ter  the 
l i nea r  theory  becomes invalid. The effect  of a m o r e  genera l  t ime-  
displacement  h i s to ry  of the moving bed than those employed i n  the 
theoret ical  models  i s  a lso  investigated experimentally.  
The l i nea r  theory i s  found to accura te ly  approxirrlate the wave 
behavior i n  the region of generat ion whenever the total  d isplacement  of 
the  bed i s  much l e s s  than the water depth. Curves  a r e  developed and 
confirmed by the exper iments  which pred ic t  g r o s s  f ea tu re s  of the lead 
wave propagating f r o m  the region of generat ion once the values of 
ce r ta in  nondimensional p a r a m e t e r s  (which cha rac t e r i ze  the generat ion 
p r o c e s s )  a r e  known. F o r  example,  the max imum amplitude of the lead 
wave propagating f r o m  the region of generat ion h a s  been found to never  
exceed approximately one-half of the total  bed displacement .  The 
g r o s s  f ea tu re s  of the tsunami resul t ing f r o m  the Alaskan earthquake of 
27 March  1964 can be es t imated f r o m  the r e su l t s  of th is  study. 
- vi - 
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CHAPTER 1 
INTRODUCTION 
One of the mos t  destructive water waves occurring in nature i s  
the tsunami. The Japanese word, "tsunami", has  been aldopted by the 
scientific community (in l ieu of "tidal wave") to describe s e a  waves 
generated by se ismic  disturbances.  The principle se ismic  mechanism 
responsible for the generation of tsunamis appears  to be tectonic 
earthquakes, e. g. , earthquakes which cause a s t ruc tura l  deformation 
of the s e a  bed. Other activity such a s  volcanic eruptions and coastal  
and submarine landslides a r e  also known to have generated tsunamis. 
'The general features  of tsunamis a r e  fair ly  well known a t  the 
present  t ime. In the deep ocean the waves a r e  very long and of 
sufficie~itly smal l  amplitude that they a r e  not detectable visually. 
When these waves approach a coastal  region where the water depth 
decreases  rapidly, the wave energy i s  focused by refraction which, 
combined with shoaling and local resonance effects, may resul t  i n  
significantly increased wave amplitudes. These l a rge  wizves then 
s t r ike  tlie shoreline of exposed a r e a s ,  presenting a major  hazard to 
l ife and property in  heavily populated regions. 
One of the mos t  destructive tsunamis in his tor ical  t ime was 
generated by an earthquake off the coast of Japan on 15 June 1896. 
The main wave advanced shoreward to an  elevation of 75 to 100 f t  
above the normal  tide level. More than 27,000 people w~ere killed and 
over 10,000 homes were destroyed. More recently the Chilean ear th-  
quake o:E 23 May 1960 generated a tsunami that killed 1000 people i n  
Chile, 6 1 persons in  Hawaii, and 1 14 people i n  Japan (another 90 
were los t  and presumed drowned). Extensive property damage also 
occurred i n  these a reas .  On 2 7  March 1964 a major  tsunami was 
generated by an earthquake i n  the Gulf of Alaska which killed 142 
persons in  Alaska and along the western coast of the United States and 
resulted i n  excess  of $100 million property damage i n  these a reas .  
'The general migration of people to coastal  regions i n  recent  
y e a r s  has  created a m o r e  urgent need fo r  a prec ise  understanding of 
tsunamis and their  potential hazard.  Inadequate knowledge of the 
vulnerability of specific coastal  s i tes  to tsunami attack and the lack of 
precis ion i n  predicting probable and possible wave heights m a y  pose 
seve re  i~nd  costly engineering problems. These problems a r e  espec-  
ially difficult in  the design and construction of nuclear re:actors for  
power generation which requi re  very high s tandards of safety. 
I:n o rde r  to accurately predict  the potential tsunarni hazard in a 
specific coastal  environment, a m o r e  complete understanding of the 
following processes  i s  required: (1) the generation of thie tsunami 
including the tectonic features  of the se i smic  source  and the response 
of the fluid in the region of generation to the tectonic deformations,  
(2 )  the propagation of the tsunami ac ross  the variable depth ocean 
between the generation region and the coast, (3) the response 
charac ter i s t ics  of the coastal  region to the approaching wave system. 
An understanding of the wave behavior in  the region of tsunami gener - 
ation i s  especially important to the heavily populated coastal  region of 
Southern California which appears  to be la rge ly  unaffected by tsunamis 
generated elsewhere i n  the Pacific Ocean. The numerous offshore 
is lands and basins adjacent to this region apparently ac t  a s  a reason-  
ably effective ba r r i e r  to the wave energy i n  a tsunami f r o m  a distant 
source;  hence, the p r imary  tsunami hazard to this a r e a  may originate 
f r o m  a tsunamigenic earthquake occurr ing between the mainland and 
these offshore islands and basins. 
1 . 1  OBJECTIVE AND SCOPE O F  PRESENT STUDY. 
'The objective of the present  study i s  to investigate, both 
theoretically and experimentally, wave behavior i n  the region of 
generation resulting f r o m  a family of simple and idealized tectonic 
movements that could be responsible for  tsunami generation and the 
propagation of the generated waves i n  a fluid domain of uniform depth. 
Because of a general  lack of knowledge regarding actual tectonic 
features  of tsunamigenic earthquakes,  a s imple model of generation 
based on a uniform, ver t ical  displacement of a block section of the 
ocean bed ei ther  upward o r  downward has  been adopted. The t ime- 
disp1ace:ment his tory of the bed movement i s  varied. A two-dimen- 
sional and three-dimensional model of wave generation have been 
investigated theoretically; laboratory experiments have been conducted 
to confirm the resu l t s  of the two -dimensional model. Wiave propagation 
in  the two-dimensional model i s  investigated using a l inear  theory and 
a theory which includes both l inear  and nonlinear effects in  an 
appr oxi:mate manne r . 
.A l imited review of previous mathematical and experimental 
studies of tsunami generation i s  presented i n  Chapter 2. A theoretical 
analysis based on a l inear  theory i s  presented in  Chaptei- 3 for  the 
two -dirrlensional and three -dimensional models of wave generation. 
A discussion of the applicability of the l inear  solutions due to non- 
l inear  effects ar is ing during wave generation and p r ~ p a g ~ a t i o n  i s also 
presented. In Chapter 4 the experimental equipment and laboratory 
procedures  a r e  described. Experimental and theoretical resu l t s  a r e  
compared i n  Chapter 5 and applied to the Alaskan earthquake of 
27 March 1964 in  o rde r  to infer probable charac ter i s t ics  of the 
tsunami which was generated by this earthquake. Concl~xsions of this 
study a r e  stated i n  Chapter 6. 
CHAPTER 2 
LITERATURE SURVEY 
'The main body of tsunami re sea rch  has  originated in Japan as  
a natura.1 consequence of the destruction of l ife and prope:rty this island 
nation has suffered as  a resul t  of these devastating waves. Tbe Japan- 
e s e  apparently began studying tsunamis around 1880 (for a complete 
listing o ~ f  tsunami r e s e a r c h  between 1889 and 1962, see  reference (18)) ;  
however, mos t  of the ear ly  papers a r e  pr imar i ly  descriptive of 
tsunami damage and do not attempt to model, either theoretically o r  
experimentally, the generation of tsunamis.  This l i te ra ture  survey will 
be limited to theoretical o r  experimental studies of tsunamis which a r e  
generated by bed displacements that might occur during a tectonic 
earthquake. Paper s  which a r e  pr imar i ly  descriptive o r  l i te ra ture  i n  
the related fields of waves generated by landslides,  explosions, etc. , 
will not be discussed. 
'The f i r s t  theoretical investigation of tsunami gen~er ation and 
propagation appears  to have been performed by Sano and Hasegawa 
(1915) who considered a point disturbance a t  the bed in  a three-dimen- 
sional domain of fluid. The disturbance was assumed to occur imstant- 
aneously in water of uniform depth, h.  Based on a l inearized descrip-  
tion of wave behavior Sano and Hasegawa were able to develop expres - 
sions foir the wave profile a t  la rge  distances f r o m  the disturbance. Few 
of the wave properties could be found f r o m  their expressions,  how- 
ever ,  because of the mathematical difficulties encounterled in 
evaluating actual values of the wave amplitudes. 
Syono (1936) improved on the model of Sano and llasegawa by 
considering the s ize of the disturbance to be finite. Syono assumed 
that a section of the sea  bed was given the velocity: 
aP 
- - f ( r )g( t )  cos no , 
az (2.1)  
where 'P = CP(r, z;t)  i s  the velocity potential, z i s  the vertical coor - 
dinate, r i s  the radial coordinate, t i s  t ime,  and n = Cl or  1. The 
spatial and temporal distributions of velocity, i. e. , f ( r  ) and g(t) ,  
respectively, were given by: 
f ( r )  = ~r~ and g( t )  = L 
2 114-312 ( r 2 t ~  ) ~ " s M ~  
where I < ,  R,  M, and L a r e  a rb i t r a ry  constants. These assumed 
velocity distributions enabled Syono to determine expressions for  the 
wave s tructure for  the cases of n = 0 and n = 1 in both deep 
(h/R > > 1) and shallow (h/R .C: < 1) water.  Again the solutions for 
the wave profile were too complex to elucidate the detailed wave 
s t ruc ture  and Syono did not calculate wave profiles. 
In a s e r i e s  of papers Takahasi (1942, 1945, 194'7) considered 
three  different models of tsunami generation. In the f i r s t  paper a 
circular  disturbance of radius,  r in  water of uniform depth, h , 
0 ' 
was assumed to move with a uniform velocity a distance of -bs/.rrr2 
0' 
where Jd- i s  the total volume of the displacement.  The bed movement 
was permitted to occur i n  a finite t ime interval ,  0 2 t 5; T. Using a 
l inear  theory Takahasi was able to find expressions for the wave 
structui?e i n  deep ( h / r  > > I ) ,  shallow ( h / r  < < l ) ,  and in t e r -  
0 0 
mediate ( h / r o  = 1) water depths. A few wave profiles near the 
region of generation were computed i n  an  approximate manner 
for the case  of shallow water and for  T = rO/,,/& where g i s  the 
acceleration of gravity. In the region of generation the water surface 
followed the bed movement until t = T. Annular waves then began to 
propaga.te a s  the water level a t  the origin (r  = 0) began to decrease ,  
eventua:lly going below the original s t i l l  water level  to a :maximum 
2 
negative elevation of approximately - 1.5 y/rrro. The water level  a t  
r = 0 then oscillated about the s t i l l  water leve l  i n  a dam.ped manner .  
The lea~ding wave was found to propagate with a velocity (of and 
L 
the maximum amplitude was found to decay like r -'. In. deep water,  
sample wave profiles were computed and f o r  r > > r tlhe wave 
0 
height was found to decay like r q l .  
:In the second paper Takahasi (1945) considered a c i rcu lar  
disturbance with azimuthal and radial  variations proportional to 
n 
r cos .nO with n = 1, 2, and 3 .  Only simple features  of the waves 
generatled by these deformations were determined. Posit ive leading 
waves were found to resu l t  f r o m  bed uplift while negative leading 
waves resulted f r o m  'bed downthrow. The velocity of wave propagation 
was again found to be given for shallow water by & anit the ampli-  
1 
tudes were found to decay like r-'. 
1.n the third paper Takahasi (1947) considered a bed movement 
of infinite extent in one coordinate direction s o  that only a two-dimen- 
sional fluid domain was required. The bed deformation was given a 
velocity in  the form: 
where y i s  the ver t ical  coordinate, x i s  the direction of propagation, 
t i s  t ime,  and cp = cp(x, y ; t )  is the velocity potential. In the f i r s t  model 
Takahasi examined, the spatial  and temporal  variations in  the bed 
velocity were taken to be: 
5 o 1 x l < b  1 / T  0 C t ; c T  
f(x) = g( t )  = . (2.4) 
0 1x1 > b 0 t > ' T  
In the second model the assumed spatial  variation was: 
and the uniform variation in  t ime a s  given by Eq. (2.4)  was again 
utilized,, The initial wave profiles were found to resemble  the bed 
deformattion in  both cases .  The init ial  wave then divided into two 
s imi lar  wave sys  tems,  propagating i n  opposite directions,  in  which 
the velocity of propagation in  shallow water was determined to be 
given by. &. Mathematical difficulties precluded m o r e  definite 
features; of the wave profiles f r o m  being determined. 
lichiye (1 950) also considered a two-dimensional domain of 
fluid of uniform depth, h ,  in  which a velocity of the same  f o r m  a s  
Eq. (2.3) was imparted to bed. Modeling the spat ia l  and temporal  
distributions of velocity by the functions : 
where N ,  5,. b, and a a r e  constants, Ichiye was able to determine 
expressions for  the water surface profiles based on a l inear  descript-  
ion of wave behavior. When the bed motion was rapid, i,, e . ,  
ba/@ > > 1, these expressions could be simplified so that numer-  
ica l  computation was possible. Water surface profiles in  the region 
of generation were found to approximate the bed movement for  this 
case ant2 the velocity of propagation of the leading wave vvas found to 
be .LJg?T;. At l a rge  distances f r o m  the generation region the wave 
profiles were evaluated by the method of stationary phase and found to 
yield a Ileading wave followed by a dispersive t r a in  of os  c:illatory waves. 
i 
The amplitude of the trail ing waves was found to grow like t7. For  
very slow movements of the bed, i. e .  , b a l a  < < 1, the l a rges t  
waves arere found to propagate with a velocity grea ter  than and at  
l a rge  distances f r o m  the disturbance only a single wave was observed. 
IHonda and Nakamura (1951) also investigated a two-dimen- 
sional niodel of tsunami generation for  a fluid domain of uniform depth, 
h 7  in which the spatial and temporal variations in  velociity of the 
deforming bed were given by: 
where A, X, , and tl a r e  a rb i t r a ry  constants ( see  Eq. ( 2 . 3 ) ) .  The 
final elevation of the deformed bed, 5, i s  given by: 
F o r  a s'hallow sea ,  i . e . ,  h / x ,  < < 1,  the init ial  wave profiles were 
determined f r o m  Takahasi ' s  gener a1 solution and comput.ed numerically 
for  the special  case  of h = 4 k m ,  xp = 50 k m ,  tl = 2 s e c ,  and 
f i t  l~ = 3 m .  The water surface in the region of generation was 
found to r i s e  l ike the deforming bed and then divide into two wave 
systemrj (moving in  the opposite direction) whose maximum amplitude 
was one-half the maximum bed deformation. The propagation velocity 
of the leading wave was again found to be given by m. The magni- 
tude of xl and t, was then varied and the effect  on the wave behavior 
a t  the  origin,^ = 0 ,  was observed. As xl  increased  the t ime required 
for  the water to r e tu rn  to i t s  original still water level also increased;  
a s  t l  increased  the maximum water surface movement was found to 
eventua:lly become l e s s  than the total bed movement. 
.In a l a t e r  paper Nakamura (1953) extended the previous work 
of Hondlo and Nakamura (1 95 1)  to a three-dimensional domain of 
fluid with a uniform depth, h ,  in  which the spatial  and temporal  
variation in  velocity of the deforming bed was assumed to be: 
Again the wave behavior a t  the origin was evaluated assu.ming a shallow 
s e a  such that h /R  < < 1. As the t ime constant, t l ,  was varied, the 
s a m e  general  behavior of the maximum water surface el'evation 
observed i n  the two-dimensional model again was found, i. e.  , fo r  
smal l  t l  the maximum water elevation became equal to the total bed 
displacement while for  l a rge  tP the maximum water surface move- 
ment was l e s s  than the bed movement. 
]:chiye (1958) again considered a two-dimensional. fluid domain 
of uniform depth, h ,  i n  which the bed velocity was given by: 
5, 1x1 < b *T \ tP< ?I 
f (x)  = , s ( t )  = (2.10)  
0 1x1 > b 0 I t \  > T ) 
where C,o, b, and T a r e  a rb i t r a ry  constants. Using numerical 
computa.tions to evaluate the expressions for  the resulting wave motion 
in a shallow sea ,  Ichiye was able to construct the wave profiles near 
the region of generation. In his  examples the water movement in the 
generation region approximated the bed deformation during the interval  
0 5 t ."r T,  after which time the water collapsed into two1 similar  
dispersive wave t ra ins ;  one moving in  the positive x-direction and one 
moving in the negative x-direction. In Ichiye's examples the bed 
movement was so  rapid that the maximum water movement a t  the 
origin was equal to the total bed movement, 
Iceller (1963 ) determined the far-field wave signatures using 
the method of stationary phase for waves generated in a three-dimen- 
sional fluid domainof uniform depth, h ,  by axially symmetr ic  bed 
deformakions . He found that the leading wave amplitude d e c a y ~ d  like 
- 1 
r in  t:he far-field,  where r i s  the radial coordinate anld the leading 
wave was found to t ravel  with a velocity of m. Keller also investi- 
gated the change in wave behavior based on the methods of geometrical 
optics when the water waves approached a coastal  region where the depth 
became nonuniform. No computations of actual wave profiles resul t  - 
ing f r o m  a specific disturbance were given by Keller to rnore clearly 
elucidate the wave s t ructure.  
' iebb (1962) investigated a simple model of tsunami generation 
i n  a two-dimensional domain of fluid of uniform depth i n  which the 
assumed spatial  and temporal  velocities of the moving bed were: 
where a,, b, and 5 a r e  a rb i t r a ry  constants. (This motlel of tsunami 
0 
generation i s  of special  i n t e re s t  since i t  i s  a l so  one of the models to 
be considered in  the present  study. ) Webb invoked the Four ier  Integral 
Theorern in  o rde r  to represent  the prescr ibed bed movement in t e r m s  
of a s u m  of sine and cosine functions. Since the spatial  movement i s  
symmetr ic  about x = 0, the s ine portion of the represent:ation may be 
ignored; however, the temporal  variation i s  not an even function of t 
and cannot be represented a s  a s u m  of cosine functions a s  i s  done by 
Webb. Webb's solution was thus found to be i n  e r r o r .  (The co r rec t  
solution will be derived shortly. ) Since the argument of the s ine 
t e r m s  o:mitted by Webb a r e  functions of t ime,  the incomplete solution 
fortunatiely yields a reasonable approximation of the wave profiles 
near  t = 0, i. e. , the initial waves. These wave profiles were 
numerically computed by Webb for  the special  case  of h = 10,000 ft ,  
- 1 b = 5,00Oft,  and a = 0.1 sec  . The max imumwate r  elevation 
reached during the bed movement occurred a t  the origin and was equal 
fi 
to 21'7'0 of the total 'bed movement, 50 . A positive leading wave pro-  
pagated f r o m  the generation region and gradually decreased in  ampli-  
tude. A. t ra in  of damped oscil latory waves formed behind the leading 
wave during propagation. The velocity of the leading wave was 
found to exceed & initially, decrease  to a value below @ during 
propagation, and then increase  asymptotically to &. Hrendrickson 
(1962) in  the s a m e  repor t  developed expressions for the asymptotic 
behavior of these waves; however, since his  analysis was based on an 
incor rec t  solution by Webb, the asymptotic solution would also be 
invalid. 
1X.ajiui-a (1 963) developed general solutions fo r  waves generated 
by an instantaneous movement of a section of the bed i n  both a two and 
three-dj.mensiona1 domain of fluid of uniform depth, h .  Kajiura was 
specifically interested i n  the decay of the leading wave during propa- 
1 
gation. A parameter ,  Pb = (6- ~ t ) ~ ( b l h ) ,  was found to be 
important  in  determining the decay r a t e  of the leading watve; g i s  the 
acceleration of gravity, t i s  the t ime,  and b i s  the half-width of the 
source  region. In a three-dimensional model the wave was found to 
2 
-
- 1 decay like r - 3  for  Pb > 3 and r for  Pb < 1 where r i s  the 
distance: of propagation. In the two-dimensional model the leading 
L 
wave was found to decay like r 0  for  P > 3 and r - ?  for  Pb C: 1. b 
Kajiura also investigated the maximum wave elevation reached a t  the 
origin of an instantaneous bed deformation when the half-width of the 
deformakion was varied. F o r  a uniform deformation in  a, two- 
dimensional fluid domain the maximum wave amplitude, To, was 
found to be equal to the total  bed movement, , fo r  b / h > 3 .  F o r  
b / h < 3  the rat io  qo/Co decreased and tended to zero  as  b/h+O. F o r  
a c ircular  deformation in  a three-dimensional domain of fluid the rat io ,  
, was equal to unity for  b/h > 4 and tended to zero  a s  b/h tended to 
zero .  l ia j iura  also investigated the far-field behavior f a r  waves 
generated by a bed movement i n  a three-dimensional fluid domain in  
which the bed deformation was not axially symmetr ic .  The directivity 
of the leading wave generated by these disturbances was found to 
disappear a t  a very l a rge  distance f r o m  the source  region. 
Momoi (1964) has  used a high-speed computer to evaluate 
numerically the wave profiles resulting f r o m  a uniform circular  uplift 
of radius,  r i n  a three-dimensional domain of fluid with a uniform 
0 ' 
depth, h. The computations were based on the equation developed by 
Takahariii (1 942) for an instantaneous bed movement. (Recall that 
Takahariii was able to find only crude approximations of the wave 
profile for the limiting cases  of a shallow o r  deep sea .  ) Momoi 
computed the wave profiles for  the case  of r /h  = 10 f r o m  t = 0 to 
0 
the nondimensional time t m  = 20. At t = 0 the water assumed 
the shape of the bed deformation except near  r = r where a smooth 
0 
transit ion occurred between the raised level of fluid and the original 
s t i l l  water level. A wave then began to propagate f r o m  the region of 
generation forming a positive leading wave whose maxirrlum amplitude 
was approximately 5070 of the total bed movement, 50 . At tm = 6 
the water level a t  r = 0 began to decrease  f r o m  i t s  raised level until 
a t  t h m l  = 13 the water level reached i t s  maximum negative value of 
approximately - 1.5  5 . (A s imi lar  behavior was also observed by 
0 
Takahasi. ) The water level a t  r = 0 then returned to the sti l l  water 
level a'bout which i t  oscillated in  a damped manner .  
C a r r i e r  (1965) investigated the propagation of waives in a fluid 
domain with a variable depth which were generated by the bed displace- 
ment: 
where a and c a r e  a rb i t r a ry  constants. The limiting case of a -+ a 
and c --. a was solved by C a r r i e r .  Since C a r r i e r ' s  pr imary  in teres t  
was in the wave behavior a t  l a rge  distances f r o m  the generation region 
where tlne long waves approached a sloping 'beach, the exponential 
functions in Eq. (2.12) were chosen purely for  mathemaf;ical conven- 
ience. No wave profiles were computed by C a r r i e r ;  however, h is  
simple ]method of solution of the l inearized generation problem based 
on the use of integral  t ransforms i s  of particular in teres t  since this 
i s  also tihe method which will be adopted in this study. 
13wang and Divoky (1970) have taken an entirely different 
approach to the tsunami problem; instead of the l inearized model of 
tsunami generation used by previous r e sea rche r s ,  they adopt a f i r s t -  
order  -nonlinear theory which ignores completely the vert ical  motion 
of the water and thus all effects of frequency dispersion. In o rde r  to 
solve the resulting equations in  a three -dimensional fluid1 domain, a 
finite-difference scheme was adopted which permi ts  an a rb i t r a ry  bed 
displacement and a variable water depth to be incorporated into the 
model. The model was then applied to a prototype bed displacement 
which occurred during the Alaskan earthquake of 1964. Wave profiles 
were computed a t  various locations near  the region of generation; the 
accuracy of these computed wave profiles could not be determined 
since no actual wave records  were available. At one offshore position 
the computed profile was compared with water movemenf:~ observed 
onshore and found to be i n  reasonable agreement .  In a la te r  r epor t  
Hwang, e t  a1 (1971) adapted this model to a l so  consider the curvature 
of the ocean by expressing the governing equations i n  spherical  
coordinates. In light of the resu l t s  of the present  study, the approach 
of Hwang and Divoky appears  to be quite l imited in  i t s  ability to 
accurataAy model tsunami propagation over very la rge  distances.  
(The limitations a r e  i n  effect s imi lar  to those which depend on a purely 
l inear  theory of wave propagation. ) 
'ruck and Hwang (1972) have mos t  recent ly considered the 
waves generated by a bed movement on a uniformly sloping beach by 
adopting the linear-long-wave equations a s  a description of wave 
behavior. The equations were solved analytically f o r  a rb i t r a ry  bed 
movements which were assumed to occur instantaneously a t  the shore-  
ward edge of a two-dimensional fluid domain. The generated waves 
propagaiced into a fluid domain whose depth increased linearly.  Wave 
profiles were computed for the special case of a maximurrl bed dis - 
placement, 
cO, occurring at  x = 0 and decaying exponentially for 
x > 0. The wave shape was observed to be independent !of x while 
1 - 1 
the wave heights decayed like x-" or t-'. The region o.f validity of 
the long wave description was also investigated since frequency d is -  
persion i s  expected to eventually become important during propagation. 
Considering only the increase  in the importance of frequency dispersion 
due to the increasing depth, Tuck and Hwang found the region of 
2 
validity to be given by b < c x < < bolao where b o i s  a character-  
0 
i s t i c  s ize of the disturbance and a. is the slope of the bed. It should 
be noted that the presence of nonlinear effects and frequency dispersion 
which a r e  omitted in  Tuck's and Hwang's analysis would most  probably 
restr ic t .  the applicability of their solution to a region of propagation 
which i s ;  much smal ler  than they suggest. Certainly a s  the bed slope, 
? 
tends to zero so that the fluid domain becomes uniform in depth, 
the range of validity of the linear-long-wave equations (which reduce 
to the simple wave equation for  this case)  would not tend to infinity. 
The importance and interaction of nonlinearities and frequency d isper-  
sion will be discussed in  detail i n  this study. 
Experimental studies of tsunami generation by bed movements 
appear to be very r a r e .  Takahasi (1963) reported on eaxlier experi-  
ments  which were conducted in a three-dimensional wave tank. In his  
1933 experiment a smal l  wave basin was used (2 m x 1 .5  m x 0 . 3  m )  
in  which a cylinder housing a moveable piston was fitted to the bottom 
of the ta.nk. The piston could be moved suddenly through severa l  
centimeters by a spring-fly-wheel assembly. Wave measurements  
were made photographically and indicated that the water initially rose  
in  a bell. shape over the uplifted pis ton after which annulatr waves 
begin to propagate. A negative wave elevation was observed to occur 
a t  the center of the piston followed by oscillations about the original 
s t i l l  water level. The propagation velocity of the leading; wave was 
found to be equal to ,&& o r  slightly l e s s  while the amplitude appeared 
-0 .6  - 1 to decay like r o r  r . 
'The 1957 experiments of Takahasi (1963) were conducted in  a 
l a rge ,  outdoor basin in  which circular  membranes  were installed a t  
the tank bottom. The membranes could be mechanically raised o r  
lowered impulsively by piston rods connected to the center of the 
membrane  and installed below the tank. Experiments were conducted 
using one, two, and s ix membranes.  With one membrane Takahasi 
found the generated waves to be dispersive with the leading wave propa- 
-5  /6  gating with a celerity of and decaying in  amplitude like r . 
Interpretation of wave records  was admittably difficult diue to the 
presence of wind generated waves and vibration of the rubber mem-  
branes <at the end of a movement. 
Takahasi and Hatori  (1 962) experimentally investigated the 
waves generated by the sudden uplift of an elliptical membrane in a 
three -dimensional fluid domain of uniform depth, h. A :Large outdoor 
basin was used and the rubber membrane was installed at  the bottom 
level  of the basin. The movement of the membrane was created by the 
introducrtion of compressed a i r  below the membrane whic:h caused the 
membrame to swell. Wave measurements  again indicated the formation 
of a dispersive wave t ra in  whose leading wave propagated with a 
velocity of &. The ratio of the wave heights a t  the ends of the long 
and sho:rt axes of the elliptical region of generation was observed to 
be one-third which was also the length rat io  of the elliptical axes. 
During propagation this ratio decreased.  The amplitude of the initial 
-0.5 
c r e s t  wizs observed to decay like ir -0.74 o r  r depending on the 
water depth used. 
Although numerous authors have investigated the tsunami pro b- 
l e m  none appear to have thoroughly defined the wave signatures 
generated over a full range of character is t ic  s ize  and time sca les  of 
a specific bed deformation. No authors appear to have considered 
the effect of la rge  amplitude movements relative to the water depth. 
Previous analys'e s have approximated the equations governing the 
fluid motion by ignoring the nonlinear t e r m s  except i n  one study where 
the nonlinear t e r m s  have been par tially retained but the l-inear effects 
were ig:nored. 
I:n this investigation a l inear  theory will be adopted to describe 
the waves generated over a full  range of generation charizcteristics by 
a simple family of bed movements; however, the applicability of this 
l inearized approximation will a lso be investigated. Experimental 
measurements  will 'be presented to confirm the theoretical analysis. 
A strategy will also be demonstrated for finding the wave: profiles 
during wave propagation when the l inear  theory i s  found 1:o be no 
longer a~pplicable. A theory fo r  this case i s  presented which includes 
in a n  approximate manner both nonlinearities and the l inear  effects of 
frequency dispersion. 
CHAPTER 3 
THEORETICAL ANALYSIS 
In this chapter a l inear  theory i s  presented f o r  waves generated 
by a moving bed i n  a fluid initially with a constant depth. An integral  
solution for  an a rb i t r a ry  bed movement (in space and t ime)  i s  obtained. 
Two general  solutions a r e  found, one fo r  a two -dimensional fluid 
domain, and a second for  a three-dimensional domain. F o r  the three - 
dimensional model the bottom deformation i s  res t r ic ted  to displace- 
ments  which a r e  axially symmetr ical .  The in tegra l  solutions a r e  
applied to two specific bed displacements. In both deformations the 
spatial  variation i s  taken to be a s imple block upthrust o r  downthrow; 
the t ime-displacement h is tory  of the block movement i s  varied. 
Since the solutions obtained f r o m  the l inear  theory a r e  only 
approximations to the complete nonlinear description of the problem 
of wave generation, the applicability of the l inear  solut io~ls  i s  d is -  
cussed. Two c lasses  of bed deformations,  te rmed impulsive and 
creeping, a r e  found for which the l inear  solutions a r e  applicable near  
the region of wave generation. The nonlinear effects, which a r e  
initially smal l  for  these two c lasses  of bed displacements,  grow i n  
importance during wave propagation. Eventually the l inear  and non- 
l inear  effects become of the same  o rde r  of magnitude. Once this 
-22 - 
condition i s  reached, the equation of Korteweg and deVries (1895) i s  
discussed a s  an appropriate model of fur ther  wave behamlor. 
The analogy between the c lass ica l  dam-  break problem, with a 
semi-infinite and finite length r e se rvo i r ,  and the uniform upthrust of 
a bed section occurr ing impulsively for  the two-dimensional fluid 
domain j.s discussed. F r o m  the dam-break analogy cer tain aspects 
of the waves generated by this type of bed deformation can be deduced. 
3 .1  THIS TWO-DIMENSIONAL MODEL - A LINEAR THEORY 
Consider a fluid domain D a s  shown i n  Fig. 3. 1 bounded above 
by the f r e e  surface,  Sf, below by the solid boundary, Sb,, and un - 
bounded i n  the direction of wave propagation, i. e. , -m < x < a. 
Initially the fluid i s  a t  r e s t  with the f r e e  surface and the solid boundary 
defined by the curves y = 0 and y = -h, respectively. F o r  t .? 0 the 
'bed (or  solid boundary) is permitted to move i n  a prescr ibed manner 
given by y = -h + C(x;t) such that: lim c(x; t )  = 0. The resulting 
IxI-pa 
deformation of the f r e e  surface which i s  to be determined1 i s  given by 
The problem can be solved by assuming the fluid 1;o be incom- 
press ib le  and the flow irrotational.  Thus, a velocity potential 
4 4 
cp = cp(x,y;t) is known to exis t  such that q = Vcp where q = (u, v) i s  
the velocity vector and V i s  the gradient operator  ( a / ax ,  a /ay) ,  and 
Laplace 's  equation i s  obtained f r o m  the continuity equation of an 
3 
incompressible  fluid, V q = 0: 
Fig. 3 .  1 Definition sketch of coordinate system. 
The kinematic conditions to be satisfied on the f r e e  surface,  Sf, and 
the bottom, Sb, a r e  respectively: 
By further  assuming the flow to be inviscid and surface energy effects 
to be negligible, the dynamic condition to be satisfied by fluid particles 
on the f r e e  surface, Sf, becomes: 
cpt + : ( ~ e p ) ~  + gq = O on y = q ( x ; t ) ,  ( 3 - 4 )  
where g i s  the acceleration of gravity. It i s  a lso assumed in  Eq. (3. 4) 
that the p ressu re  on the f r e e  surface i s  constant and for convenience i t  
has  been taken to be zero. 
The solution of the boundary value problem given by Eqs. (3. 1), 
(3.2),  (3. 3),  and (3. 4) i s  inherently difficult due to the nonlinear t e r m s  
in  the bolundary conditions and the fact that the position of the f r ee  
sur face ,  on which the boundary conditions given by Eqs. (3. 2 )  and 
(3. 4) arc: to be applied, i s  unknown pr ior  to the solution of the problem. 
The usual procedure in  solving problems of this type i s  to circumvent 
these difficulties by substituting for the complete problem a l inear  
approxirnation. In this approximation the nonlinear t e r m s  a r e  omitted 
and the boundary conditions a r e  applied both on the undeformed f r e e  
surface and the solid boundary. The linearized problem i s  given by: 
and $ = ct on y = -h. (3. 7)  
Eqs. (3. 6a) and (3. 6b)  a r e  usually combined to give the single f r ee  
surface condition: 
cptt+gcpy = O on y = 0. ( 3 .  8) 
A formal  basis for using this l inear  approximation can be found by 
expanding the dependent variables Y(x, y; t )  and ~ ( x ;  t )  a s  a power 
s e r i e s  i l l  t e r m s  of a smal l  parameter  s. Collecting ternis  of the 
lowest order  in  s yields the l inear  problem given by Eqs. (3. 5 ) ,  ( 3 .  7 )  
and (3. 8). Therefore the accuracy of the l inear  approxiniation i s  
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dependent on the s ize  of the parameter  e. A physical interpretation 
of e can sometimes be found by scaling the dependent and independent 
variables of the problem with quantities which character ize the motion. 
A dis CUE) sion of the effects of nonlinearities will be given i n  Section 3. 2. 
The solution of the init ial  and boundary value problem given by 
Eqs. (3. 5 ) ,  ( 3 .  71, and ( 3 .  8) i s  m o s t  easi ly  obtained by the methods of 
operational calculus using integral  t ransforms.  An integral  t ransform 
- 
f (p)  of a function f (x)  i s  defined by: 
where the l imits  of integration al and az a r e  known a s  well1 a s  the 
kerna l  EC(p,x). The use  of an integral  t r a n s f o r m  often reduces a 
par t ia l  differential equation in n independent variables to one of (n- 1 )  
variables.  Successive use of t r ans fo rms  can ultimately reduce the 
equation to an ordinary differential equation o r  even to an algebraic 
equation. An outline of the s t rategy to be used in  applying integral 
t ransforms to the solution of init ial  and boundary value p.roblems i s  
given by Tranter  (1966, p. 18). F o r  the problem under c3iscussion 
there  exis ts  three  independent variables x,  y, and t. Thus, the use 
of t ransforms on two of these variables  should reduce the problem to 
the solu1;ion of an ordinary differential equation. A fur ther  reduction 
to an algebraic equation i s  not worthwhile i f  the ordinary differential 
equation can be solved readily. An appropriate  t ransform for  the 
independent variable x whose l imits  a r e  f r o m  minus to plus 
infinity i s  the complex Four ier  t ransform (Sneddon, 1951) given by: 
where i i s  the imaginary number 0. The appropriate t ransform for  
the time variable t ,  for  which functions a r e  defined only for  t 2 0, i s  
the Laplace t ransform (Chur chill, 1958) given by: 
(The bar superscr ipt  will be used throughout this chapter to denote the 
Four ier  t ransform of a function and the tilda superscr ip t  will be used 
to denote the Laplace transform. ) Applying both transforrns to a 
function f (x; t )  yields: 
N m 00 
- ikx - s t  
f ( k ; s )  = J' dxJ  e e f(x; t )  dt . 
- CO 0 
To t r ans fo rm Eq. (3. 5 ) ,  the field equation i s  f i r s t  multiplied through 
ikx - s t  by the kernals  e and e and then integrated twice with respect  
to x and t over the l imits  indicated by Eqs. (3. 10) and ( 3 .  1 l ) ,  
respectively. Performing these operations yields : 
m m m m 
ikx - s t  J dxJb e e qxx(x, y; t )dt  + eike-st(p (x, ~ ; t ) d t  = 0. (3. 13) 
- m  YY 
Eq. (3. 13) may also be written: 
05 
ikx - s t  
a2 [ ~ ~ d ~  J e e y(x, y ; t )d t l  = o , +5p- 
-a, 0 - 
where al.1 integrals  have been assumed to be sufficiently well-behaved 
to permi t  the indicated operations,  i. e., uniformly convergent. Com- 
paring the bracketed t e r m s  with Eqs. (3. 11) and (3. 12), Eq. (3. 14) 
may be rewri t ten as:  
The a'bove integral  can be evaluated using integration by pa r t s  to yield: 
In a s imi lar  manner  Eqs. (3. 7) and (3.8)  may  be t ransformed to: 
- 
CfJ (k, -h ;s )  = sg(k ;s )  , 
Y 
N 2 - 
(k, 0 ; s )  + @(k,  0 ;s )  = 0 . 
Y g 
In deriving Eqs. (3. 17) and ( 3 .  18) use  has  been made of the fact that 
m(x,y;O) = qt(x,y;O) = 0 which is a consequence of the init ial  con- 
di tions i:mpos ed on the boundary value problem. 
The t ransformed field equation, Eq. ( 3 .  16),  i s  an ordinary 
N 
differential equation which may  be solved direct ly  for  q ( I ~ : , ~ ; s ) .  The 
solution i s  : 
N 
- 
~ ( k ,  y ; s )  = A(k;s) cosh ky + B(k;s)  sinh ky , ( 3 .  19) 
IV 
where A and B a r e  functions of k and s alone. Su'bstituting q(k ,  y ;s ) ,  
a s  given by Eq. (3. 19) ,  into Eq. ( 3 .  18) gives: 
Substitut:ing Eqs.  (3. 19)  and (3. 20) into Eq. (3. 17) one obtains:  
A(k ; s )  = -.gs r ( k ; s )  (3 .21)  
( s 2  + gk tanh kh )  cosh  kh  
Combining Eqs.  (3. 19) ,  (3 .20) ,  and (3.2 1 )  the t rans formed velocity 
potential. i s  found to be: 
CU 
2 
where  fclr convenience w i s  defined as :  
w2 = gk tanh kh. (3. 23)  
I t  i s  noted that  Eq. (3. 23) i s  ident ical  to the d i spe r s ion  re la t ionship  
found i n  water  wave prob lems  with a s ta t ionary  bottom arid without 
s u r f a c e  energy  e f fec t s ;  however ,  this  i s  not to  imply  that  Eq. (3.23) 
i s  the d i spe r s ion  re la t ion  fo r  th is  problem.  
The f r e e  su r f ace  location q(x ; t )  i s  r e l a t ed  to the velocity 
potential! cp(x, y ; t )  by Eq. (3. 6b) .  Thus ,  the t r ans fo rmed  re la t ionship  
i s :  
Substituting Eq. (3. 22) into Eq. ( 3 .  24) the  following i s  obtained: 
N 
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The transformation of q ( k ; s )  to q(x; t ) ,  i. e. , to the original independ - 
ent variables (x;t) ,  i s  accomplished using the inversion formulae for 
the Four ier  and Laplace t ransforms.  The inversion integral for the 
Four ier  t ransform i s  given by: 
and for the Laplace t ransform: 
l i m  1 f ( t )  = 
where y i s  a positive constant; hereaf ter ,  the inversion integral  for 
the Laplace t ransform will be written as: 
f ( t )  = - s t -  ' J' e f ( s ) d s  , 
2n1 Br. 
w h e r e J '  r lim I---) Jptir i s  the Bromwich contour. Therefore,  the 
Br. p - i r  
surface elevation becomes : 
2 -ikx s t z  
s e 
q(x;t) = LSm{k 27T -03 J (sa+,2) C o ~ h  kh Br. 
E:q. (3. 29) gives the f r e e  surface elevation a s  a function of 
space an~d time in  the fluid domain D (shown i n  Fig. 3. 1) resulting 
f r o m  a bled displacement described by C(x;t). Before a fur ther  simpli-  
fication of Eq. (3.29) can be made, specific bed deformations must  be 
prescribed. Of special in teres t  in  the present  study a r e  two bed 
displacements whose spatial  variation i s  taken to be a block section of 
the bed, symmetr ic  about x = 0, moving in  the positive o r  negative 
vert ical  direction. Two different t ime-displacement his tor ies  of the 
block upthrust o r  downthrow will be used. The f i r s t  displacement i s  
described mathematically by: 
H('b2 -x2 :I i s  the Heavyside s tep function defined by: 
The Heavyside s tep function used in Eq. (3. 30) confines the spatial  
deformation of the bed to a uniform movement with t ime in  the interval  
-b  < x < b. The time-displacement his tory of the bed section i s  shown 
i n  Fig. :3 .  2. The bed deformation can be character ized by three 
Fig. 3 .  2 Exponential t ime -displacement his tory of the moving bed. 
parameters :  5 , the amplitude of the vert ical  displacement (either 
0 
positive o r  negative); b, the halfwidth of the block section; and tc, 
a charac.teristic t ime of the displacement, e. g. , t = l /a.  For  
C 
reasons to be discussed in Chapter 4, the charac ter i s t ic  t ime of 
movement used will be the t ime required for  two-thirds of the motion 
to be completed, i. e. , t = t when C/So = 213 o r  t = 1. 11 /a (see  
C C 
Fig. 3. 2 ) .  Of particular in teres t  for  this displacement i s  the initial 
discontirluity in  velocity, ac /a t ,  and the asymptotic approach of the 
block section to 6,. (The exponential bed displacement given by 
Eq. (3. 30) will hereafter  be refer red  to a s  ce(x;t)* )
The second bed deformation of in teres t  i s  given by: 
Again, tlhe Heavyside s tep function FI(b2 -x2)  is used to confine the 
disp1ace:ment to the interval -b < x < b. Step functions a r e  also 
employed in the temporal variation. For  t < T, H(T- t )  = 1 and 
H(t-T) = 0, so the block section moves according to the function 
C O [ l  -cos (IT~/T)]/z.  For t > T, H(T- t )  = 0 and H(t-T) = 1 so the 
bed unit remains a t  the constant elevation 5,. The time-displacement 
his tory of the block section i s  shown in Fig. 3. 3. This movement has 
a continuous velocity, a <  /at ,  and i s  completed in  a finite period, T. 
Again th:ree pa ramete r s  a r e  required to character ize the motion: 50 , 
b, and a character is t ic  t ime,  t . An obvious choice for  the charac ter -  
C 
i s t ic  t ime i s  the total t ime of movement, T. (Henceforth, the half - 
sine bed displacement given in Eq. (3. 32) will be refer red  to as  5 (x;t). ) 
S 
Fig. 3 .3  Half-sine time-displacement his tory of the moving bed. 
ICq. (3.29) can now be specialized using the partic:ular bed 
displacements given in Eqs. (3.30) and (3.32). However, before the 
wave arr~plitude can be obtained f r o m  Eq. (3.29), the bed deformations 
mus t  be transformed by the Laplace and Four ier  t ransforms.  P e r -  
forming the operations indicated by Eq. (3.12) the following i s  obtained 
for the exponential bed displacement: 
Su'bstituting Eq. (3.33) into Eq. (3.29) the following i s  obtained: 
0 
m 
-ikx sin kb s t  
x ;  = - e ds) dk . (3.34) 
I.r *-00 k cosh kh i%k 1 Br.  (sCa)(s~+w2) 
The Laplace inversion with respect  to s ,  shown in brackets above, 
can be integrated in closed f o r m  using the residue theorem and noting 
that a l l  poles appearing in  the integrand a r e  simple. Performing this 
integration yields : 
w 
-ikx sin kb 2 q(x;t)  = - 5 ~  e k cosh kh ( ~ ) [ e - ~ ' -  a2-1-wa cos wt- a sin iutldk. (3. 35) = -00 
Taking t'he r e a l  par t  of Eq. (3. 35),  and since the integrarld i s  even in  
k, the surface elevation can be expressed as :  
(83 'Os kx sin kb ' 
e -cos wt- -sin wt] dk. (3. 36) k cosh kh \-)[ -at a 
The integration over k cannot be computed in  closed forrn and thus 
mus t  'be approximated by numerical  integration. A removable 
singularity exists in  the integrand of Eq. (3. 36) a t  the lower l imit  of 
integration, k = 0. Letting I represent  the integrand of Eq. (3. 36), 
then by :L'Hospitalls rule:  
This limiting value i s  required for the numerical  integration. 
When the half-sine bed displacement given by Eq. (3. 32) i s  
t ransformed by the Laplace and Four ier  t ransforms the following i s  
obtained: 
N 
- sin kb [ ( l + e - ~ T ) (  u2 
5, = 5, k s(s2+?t2) - ' )1 
where u = TIT. When Eq. (3. 38) i s  substituted into Eq. (3. 2 9 )  one 
obtains the following: 
CO 
q(x;t)  = J e -ikx s in  kb 
2.rr - m  k cosh kh 
As fo r  the exponential bed displacement,  the integration with respect  to 
s can be performed in  closed form. Performing the integration 
indicated by the bracketed integral in Eq. (3 .39)  yields: 
CU 
q(x;t) = LJ e -ikx s in kb I u2 7 ices wt 
2= - m  k cosh kh In2 -w2: . 
- cos itt + ~ ( t - T ) [ C O S  w(t-T) + cos n t l  /dk  , ( 3 .  40) 
where H( t -T)  i s  the Heavyside s tep function. Noting that the integrand 
of Eq. (.3. 40) i s  an even function of k and taking only the r ea l  par t  
yields : 
m 
cos kx s in kb 
- cos nt + H(t-T)[COS ~ ( t - T )  + cos ut])dk . (3. 41) 
Again the integral  over the wave number k cannot be co.mputed in  
closed florm thus necessitating the use of numerical  integration. The 
integrand of Eq. ( 3 .  41) has  a removable singularity a t  t:he lower l imit  
of integi:ation, k = 0. The limiting value of the integrand, I, a s  k*O 
i s :  
lim I = b{l - cos itt + ~ ( t - ~ ) [ l  + cos Kt]) , (3. 42) 
k - 0  
which, a s  before, i s  required for the numerical  integration. 
3.2 THE TWO-DIMENSIONAL MODEL -NONLINEAR 
COIVSIDERATIONS 
The l inear  theory presented in  Section 3. 1 i s  only an approxi- 
mation to the complete nonlinear problem; thus, i t  i s  of major  impor - 
tance to determine the conditions necessary  for  the l inear  model to 
provide an accurate  description of the actual wave behavior. As men- 
tioned in  Section 3.  1, a rational basis for  using the l inear  model i s  
usually found by expressing al l  independent var iables  a s  i5 power 
s e r i e s  i n  t e r m s  of a "small" parameter  s. The collection of lowest 
o rde r  t e r m s  of E normally yields the l inearized problem a s  a f i r s t  
approxirnation to the complete description of wave behavior. Physi- 
cally the parameter  e indicates the relative importance of nonlinear 
t e r m s  compared to the l inear  t e rms .  As also mentioned in  Section 3. 1 ,  
a physical interpretation of the parameter  s can sometimes be found 
by scaliiig the dependent and independent var iables  of the problem by 
quantities which character ize the motion. In the two following sections 
(Section 3.  2. 1 and 3 .  2. 2 )  i t  will be shown that m o r e  than one param-  
e te r  E: i s  required to adequately define the l imitations of the l inear  
model. The discussion of nonlinear effects i s  conveniently divided 
into two parts .  In Section 3.  2. 1 nonlinear effects occurr ing during 
the t ime of bed deformation will be discussed. In Section 3. 2. 2 the 
effects of nonlinearities that a r i s e  during wave propagation a r e  
dis cussed. Both types of nonlinearities l imit  the a p p l i ~ a l b i l i t ~  of the 
l inearized model. 
3 .  2. 1 Aspects of Nonlinearity-Generation 
During the t ime of bed displacement,  i t  would s e e m  
appropriate to scale  the motion of a water par t ic le  i n  the fluid domain 
with respect  to the motion of the deforming solid boundary. It was 
indicated in  Section 3. 1 that the specific bed deformations given by 
Eqs. (3.30) and (3. 32) each can be  character ized by three parameters :  
an amplitude of displacement,  Go, a t ime,  tc' and a s i ze ,  b. The two 
other independent variables of the problem a r e  the water depth, h ,  and 
the acceleration of gravity, g. These five independent variables a r e  
availabl~e to sca le  the dimensional var iables  of the problem. Bucking- 
h a m  (1914) showed that i f  the magnitude of a physical quantity, Ql , is  
a function of (n- 1)  other independent physical quantities, and i f  Qx and 
these (n-  1 ) quantities include j fundamental dimensions,  then the 
functional equation: 
QI = ftQ,? Qs, . . a ,  Qn) , (3.43) 
may be replaced by 
TI, =f( I I , ,TI9 ,  ... , II 1 ,  
n - j 
where each TI t e r m  i s  an independent dimensionless ratio of the various 
Q's. In the present  problem the dependent quantity of in te res t  i s  the 
water surface displacement, q, which can 'be related functionally to 
the five independent variables in  the following way: 
q = f b? tc ,  h ?  g) .  (3.45) 
Since the five independent quantities involve only two phy:;ical dimen- 
s ions,  length and t ime,  the normalized water surface displacement 
should be a function 0 f t h r e e dimensionless rat ios  (o r  PI t e rms) .  
A possible choice of these IT t e r m s  i s :  
The rat io  5 /h  represents  an amplitude sca le  of the bed movement, 
0 
b /h  represents  a s ize  sca le ,  and t c m  represents  a t ime scale. The 
significance of this choice of nondimensional numbers ,  and combinations 
thereof ,  will be shown shortly. 
In o r d e r  to gain some insight into the pa ramete r s  which must  be 
smal l  during generation i n  o rde r  for  the l inear  theory to be applicable, 
i t  i s  m o r e  convenient to use  the nonintegrated equations of motion. It 
i s  well known in  fluid mechanics that under the assumptions given in  
Section 3 .  1 the equations of motion a re :  
1 (U-) + U:!:(U+) + V:::(~C) + = 0, (x-momentum), ( 3 .  47)  t :: :: Y:! P 
where the a s t e r i sk  i s  used temporari ly  to denote a dimensional variable 
and the ,notation ( )t:k implies  the differentation of the bracketed quan- 
tity with respec t  to t*. The quantity P:: = P:k(x*, y::; t:k) i s  the 
p r e s s u r e  in  the fluid field, p i s  the density of the fluid, and g i s  the 
accelerat ion of gravity. If the velocity vector (u*,v:K) is written in  
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t e r m s  of the velocity potential cp in  Eqs.  (3.47) and (3.48), and the 
irrotationality c~ndi t ion:  (u*) y:k = ( v * ) ~ : ~ ,  i s  used, the equations may 
be integrated once to yield Eq. (3.4) on the f r e e  surface,  i. e.  , on 
y = ( ; )  The continuity equation and boundary coniditions a r e  
the same as  indicated previously but they a r e  repeated h e r e  for 
convenience: 
Each dimensional variable appearing in Eqs. (3.47) through (3.5 1 ) 
should be scaled such that the resulting nondimensional variables a r e  of 
o rde r  unity. Assume for the moment that the bed displacement occurs so 
rapidly that the water surface profile i s  s imi lar  in shape to the deformed 
bed at  any t ime during the movement. Bed movements of this type will 
hereafter  be r e fe r red  to a s  impulsive. Then the water volume displaced 
by the deforming boundary has a length scale ,  A,  of the order  of the 
length of the bed deformation, i. e. , A -- b, and an amplitude scale,  9(, 
proportional to the total bed displacement, i. e. , x -- Lo.  Hence, the 
position coordinate x:k should be scaled by A - b and the boundary 
deformations,  5: and q", should be scaled by the length 9( -- 5,. The 
position coordinate y* must  be scaled by the water depth, h ,  in  o rde r  
to make the nondimensional vertical coordinate of o rde r  unity. Time 
variations of the wave a r e  proportional to the character is t ic  t ime of the 
bed deformation, t . hence, t* should be scaled by t . A character is t ic  
c '  C 
velocity of the ver t i ca l  movement  of a water  par t i c le  based  on the 'bed 
deformat ion cha rac t e r i s t i c s  i s  Co / t  . The hor izontal  velocity, uc,  of 
C 
- 
a water par t i c le  under a long wave i s  of o r d e r  q*dgh/h ( s e e ,  e .  g . ,  
L a m b  (1932,  $175));  however ,  s ince  the wave amplitude,  TI:::, i s  p ro-  
portional it0 the total  bed displacement ,  5 , the appropriatle cha rac t e r i s t i c  
0 
- 
velocity requi red  to sca le  u:b i s  5 Jghlh. The p r e s s u r e ,  P::, i n  the 
0 
fluid domain i s  scaled by pgh i n  the  no rma l  manne r  fo r  p r~oblems  of this 
type. Hence,  the following scaling of var iables  appea r s  to be appropria te  
dur ing - im,pulsive wave generation: 
v::: q::: p p::: 
v = ( 5 6 1 t  q = -  , 5 =  - , p = -  
0 pgh ' C 50 
Rewrit ing Eqs .  (3.47) through (3 .5  1)  i n  t e r m s  of the nondimensional 
var iables  yields: 
The stretching of variables given by Eq. (3.52) has  made each t e r m  in  
Eqs. (3.53) through (3.57) of the s a m e  o rde r  a s  i t s  coefficient; thus, 
i f  the coefficients of the nonlinear t e r m s  in  Eqs . (3.53) through (3.5 7 )  
a r e  required to be much l e s s  than unity, i. e.  , if: 
t c m  c ( b lh  )(+) < <  1,  So/h < <  1 , 
then the nonlinear t e r m s  may be neglected as  a f i r s t  approximation. It 
i s  a lso noted that if the conditions given by Eq. (3.58) a r e  satisfied, the 
l inearized boundary conditions on the f r e e  surface and on the bed may be 
applied a t  y = 0 and y = -1, respectively, with l i t t le e r r o r .  
Tlie two parameters  appearing in Eq. (3.58) that must  be smal l  
in  order  for  the l inear  theory to be applicable consist  of three rat ios  
found previously by dimensional analysis. An interesting combination of 
two of these numbers i s  given by the rat io  of tCm and b l h  which may 
be written t &/b. The quantity t &$ i s  simply the distance a long 
C C 
gravity wave will t ravel  in  a t ime t . Thus, if t &/b i s  much l e s s  than 
C C 
unity, a rnajor portion of the bed movement occurs  before elevations (or  
depressions) of the water surface have an opportunity to leave the generating 
region. 'This resul ts  in a displaced water sur face  during the bed movement 
s imi lar  in shape to the deformed bed. It should be noted that this was 
assumed in deriving the coefficients for the scaling of varj.ables given by 
Eq. (3.52.). Hence, t &lb i s  required to be much l e s s  than unity in  
C 
orde r  for  the scaling of the dimensional variables given by Eq. (3.52) 
to remain valid. It thus appears that the only res t r ic t ion  on the 
applicability of the l inear  theory fo r  impulsive bed movements i s  that 
the disturbance-amplitude scale ,  CO/h, remains  much l e s s  than unity. 
It i s  interesting to note that no res t r ic t ion  m u s t  be placed on the 
magnitude of b/h alone in  order  to maintain the applicability of the 
l inear  theory; the disturbance-size scale  is unlimited a s  liong a s  
t G l b  remains much l e s s  than unity. 
C 
Now consider the case  of a wave generated by a very slow bed 
movemen,t, i. e.  , t &/'b i s  much grea ter  than unity; hence, the water 
C 
surface elevations (o r  depressions)  that occur have sufficient t ime to 
leave the generation region during the t ime of the bed disp:lacement. Bed 
displacerrlents of this type will hereaf te r  be r e fe r red  to a s  creeping. 
Near the end of the bed deformation process  the displaced volume of 
water i s  distributed over a length i n  the direction of wave propagation 
proportio:nal to t c m .  Thus, an appropriate length scale ,  A ,  would 
appear to be tc m. A character is t ic  amplitude, X, of the displaced 
water volume can easi ly  be found by equating the wave volume per  
unit width to the displaced volume per  unit width: 
The t ime variations of this wave a r e  proportional to the t rave l  t ime 
of a long gravity wave ac ross  the deforming bed section, i. e .  , b l m .  
The charac ter i s t ic  velocity required to scale  the dimensional velocity 
u:k i s ,  a s  before,  II'~ @lh. The amplitude q::: i s  scaled by hence,  
the scal ing p a r a m e t e r  f o r  the velocity u:!: i s  x &Ih which f r o m  Eq. 
(3.59) becomes:  bco / t  h .  The remain ing  va r i ab l e s ,  i. e . ,  v*, y", 
C 
and 
P ,  sca l e  i n  the s a m e  manne r  a s  before.  Thus,  a reasonable  choice 
f o r  the scal ing of var iab les  during a creeping movement  of the bed, 
i. e . ,  t cd&/b  > > 1, appea r s  to be: 
Rewrit ing Eqs .  (3.47) through (3 .5  1) i n  t e r m s  of the nondimensional  
var iab les  p resen ted  i n  Eq.  ( 3 . 6 0 )  yields:  
Examination of Eqs.  (3.61) through (3.65) indicates that the l inear 
theory should provide an accurate approximation of the wave behavior 
if the following conditions a r e  satisfied: 
The original assumption in this development was: , gh/b > > 1 (or  t c  f -  
b / t  ,/gh: < 1); hence, Eq. (3.66) i s  always satisfied for creeping bed 
C 
movemt:nts and the nonlinear te rms,  a s  a f i r s t  approxima.tion, may be 
neglected when compared to the l inear  te rms.  This i s  cor rec t  regard-  
l e s s  of the value of the relative bed displacement,  Co/h, since this 
ratio i s  always l e s s  than or  equal to unity. The linearized boundary 
conditions v = ? on the f r ee  surface and v = 5 on the bed may a lso  t t 
be  applied on y = 0 and y = -1, respectively, even when co/h 
approac:hes unity. Again no restr ic t ion mus t  be placed on the relative 
s ize of the disturbance, b/h,  alone i n  o rde r  for  the l inear  approxi- 
mation to be applicable a s  long a s  t c , / z / b  > > 1. 
If the quantities C0/h, b / h ,  and t a r e  indeed the proper 
C 
dimensionless generation parameters  and i f  these rat ios  remain con- 
stant,  the wave generated should be s imilar  regardless  (of the individual 
values of  5 b, tc,  h o r  g. To see  if indeed this i s  the case,  con- 
0 ' 
sider  the l inear  solution given by Eq. (3.36) which describes the vari-  
ation of' the wave amplitude as  a function of space and time for the 
exponential bed displacement  given by Eq. (3. 3 0 ) .  The d.efinition of 
the  cha rac t e r i s t i c  t ime ,  tc '  fo r  th is  mot ion,  a s  mentioned previously ,  
i s  taken a s  t c  = 1. 11 la where  a i s  the  a r b i t r a r y  constant  appear ing 
i n  Eq. ( 3 .  3 0 ) .  Introducing the nondimensional  var iab le  71 = kh, Eq. 
(3. 36)  m a y  be rewr i t t en  a s :  
0 s  I(:) s i n  ~ ( k )  2. [
= * o  X cosh X 
-t X tanh X 
J 
t 2/*EJm 
C 
- 
1. 11 s i n  (,/-I t ~ ~ / h ) ] d h .  (3. 67) 
F r o m  Elq. (3 .67)  it can be s e e n  that  if b / h  and t a r e  constant ,  
C 
then the  s a m e  nondimensional  wave f o r m ,  1 ,  r e su l t s  a t  the  s a m e  
nondimensional  d is tance downs t ream,  x / h ,  and a t  the  s a m e  nondimen- 
s ional  t ime ,  t a .  Note that  the  generat ion p a r a m e t e r ,  co /h ,  does  
not appear  i n  Eq. (3.  67). In genera l ,  th is  p a r a m e t e r  i s  a s sumed  to be 
m u c h  l e s s  than unity by the  l i nea r  mode l  and i s  thus e l iminated f r o m  
consideration.  In a s i m i l a r  manne r  the wave f o r m  given by Eq. (3. 41) 
fo r  the half -s ine  bed d i sp lacement  m a y  b e  exp re s sed  as: 
m cos A(:) s in  l($) 
- = -  I I" X cosh X 
0 = uo ( - 1 Lanh 1 
I 
C 
where again X = kh and the charac ter i s t ic  t ime has  been s e t  equal to 
the total. t ime of displacement, i. e .  , t = T. Eq. (3.68) also shows 
C 
that a s imi lar  nondimensional wave resu l t s  when the nontlimensional 
generation pa ramete r s ,  b /h  and t m, a r e  held constant. 
C 
![n summary ,  i t  has  been shown that three  dimensionless rat ios  
(cO/h ,  b/h, and t m) a r e  important in  describing the wave generation 
C 
p rocess  and the applicability of the l inear  theory. For  impulsive bed 
displacements,  i. e. , t &/b < < 1, the l inear  theory appears  to be 
C 
applicable when the disturbance-amplitude sca le  , C0/h, i s  much l e s s  
than unity. F o r  creeping bed movements,  i. e .  , t @lb > > 1,  the 
C 
l inear  t:heory appears  to be applicable regard less  of the :magnitude of 
3 .2 .2  Aspects of Nonlinearity - Propagation. 
In the preceding section the effects of nonlinearities in t ro-  
duced during the bed deformation process  were discussed. P a r a m e t e r s  
characterizing the generation and ranges of these parameters  for  which 
the l inear  theory appeared to be applicable were determined. 
Once a wave has  been generated and propagates into the fluid region of 
constant depth a different scaling of the dimensional variables i s  r e -  
quired i n  Eqs (3. 47) through (3 .  51). It i s  well known for long waves, 
i. e . ,  waves whose lengths a r e  la rge  compared to the water depth, that 
the magrdtude of the nonlinear t e r m s  i s  given by the ratio of the maximum 
wave amplitude, qo , and the water depth, h,  i. e. , qo/h. The 
magnitude of the l inear  t e r m s  i s  indicated by the square of the rat io  of 
the water depth, h ,  to a charac ter i s t ic  length, &, of the wave in i t s  
direction of propagation, i. e. , (h/&)'. The charac ter i s t ic  length, &, 
i s  a measure  of the distance over which significant changes in  water 
sur face  elevation occur. More discussion of this charac ter i s t ic  length 
will be given la ter .  The importance of the nonlinear t e r m s  relative 
to the l inear  t e r m s  i s  thus proportional to: 
nonlinear effects 1 q 0 t 2  
l inear  effects a-- (l-116)~ - h3 = u .  - 
AlthougIi this ratio was pointed out by severa l  authors (see, e. g., Stokes 
(1847)), Urse l l  (1953) f i r s t  discussed the significance of the rat io  i n  
character izing water waves of different types thus resolving what had 
come to be known a s  the long wave paradox ( s e e  Stokes (189 1 )  o r  Lamb 
(1932, 5 252)). Hence the rat io  given by Eq. (3. 69 )  will hereaf ter  be 
r e fe r red  to a s  the Ursel l  Number. F o r  the nonlinear effects (also 
termed amplitude dispersion by Lighthill and Whitham (1055)) to be 
negligible during wave propagation the Urse l l  Number must  be much 
l e s s  than unity, i. e . ,  qo/h < < (h l -~ ) ' .  When the Ursel l  Number i s  
of o rde r  unity o r  grea ter ,  the l inear  theory i s  no longer applicable. 
Waves for which the Ursel l  Number i s  much grea ter  than unity can be 
approximated very well by ignoring the l inear  effects (or  frequency 
dispersion) and retaining only the nonlinear effects. 
When amplitude and frequency dispersion a r e  of the same  
o rde r ,  tihe description of the wave motion mus t  retain all  
t e rms .  Approximations to the complete solution of the water wave 
problem for this special  case can be made when l inear  and nonlinear 
effects aLre assumed to be smal l  and of the s a m e  o rde r ,  i. e . ,  qo/h = 
0 [ ( h / 8 ) ~ ]  < <: 1. Equations governing the wave motion for  this special 
case  have been developed by severa l  authors including Bous sinesq 
(1872) and Korteweg and deVries (1895). Since this discussion of non- 
l inear  effects occur ring during wave propagation only applies to long 
waves, the ratio h / 4  mus t  always remain  much l e s s  than unity. I t  
will a lso be tacitly assumed throughout this discussion that qo/h < < 1 
in  order  to avoid the phenomenon of wave breaking which i s  known to 
occur when qo/h approaches unity. Hence, the special case  of 
q /h  = 0 [ ( h / 4 ) ~ ]  < < 1 i s  of major  importance in  this study and will 
0 
be discussed in  m o r e  detail shortly. 
The Ursel l  Number provides an excellent indicator for  tracing 
the evolution of wave behavior during propagation. Suppose for the 
moment that a bed deformation occurs  such that the wave generated i s  
initially predicted accurately by the l inear  theory. Then for the wave 
qo/h < < (h/4)', i. e . ,  the Ursell  Number i s  much l e s s  than unity. 
It i s  well known that a s  the wave propagates the non1inea.r effects will 
grow and eventually they will become of the s a m e  order  of magnitude 
a s  the l inear  effects. If the bed deformation i s  such that the Urse l l  
Number for  the resulting wave f o r m  i s  initially much grea ter  than 
unity, the l inear  theory i s  invalid for a l l  t ime. F o r  this case ,  how- 
ever ,  the importance of the l inear  effects inc reases  relative to the 
amplitude dispersion t e r m s  during propagation and the TJrsell Number 
decreases  until it i s  again of o rde r  unity. Thus, regard less  of the 
init ial  wave, the wave always evolves into a s ta te  i n  which the Ursel l  
Number is of o rde r  unity during propagation i n  a fluid of uniform depth. 
Once the Ursel l  Number becomes of o rde r  unity, it remains 
constant during fur ther  wave propagation. The region of space i n  the 
direction of wave propagation for  which the Urse l l  Number i s  of o rde r  
unity w i l l  be r e fe r red  to a s  the f a r  -field. (A discussion of wave 
behavior i n  the far-f ie ld will be given shortly. ) The region of space, 
including the generation region, over which the Ursel l  Number is 
much l e s s  or  much grea ter  than unity will be te rmed the near-field.  
In addition, a l inear  near-field will be said to exis t  when the Ursel l  
Number i s  much l e s s  than unity, and a nonlinear near  -field will exist  
when initially the Ur sel l  Number i s  much g rea te r  than unity. The 
existence of a l inear  near  -field i s  determined by the generation para-  
me te r s  discussed i n  Section 3.2.  1. The length of a l inear  near-field 
i s  a furiction of the r a t e  of growth of nonlinearities during wave 
propagation. 
As suggested e a r l i e r ,  the length, k, required to character ize 
the l inear  effects of frequency dispersion,  i s  a measure  of the distance 
over which significant changes i n  wave amplitude occur. When the 
length i t ;  chosen properly for  a wave, the rat io  (h/k12 becomes pro-  
portiona.1 to the vert ical  accelerations a water par t ic le  experiences 
a s  the wave passes  ( see ,  e. g . ,  Lamb (1932, $ 172)). An excellent 
physical. description of wave dispersion caused by vert ical  acce lera-  
tions of fluid par t ic les  i s  given by Peregr ine  (1966) and Madsen and 
Mei (1909). In a periodic wave the charac ter i s t ic  length, k, i s  pro-  
portiona.1 to the wave length. In a wave of complex shape, i. e. , non- 
periodic:, the charac ter i s t ic  length i s  no longer well defi:ned and in  
fact  no single length may exis t  which adequately descr ibes  the ent i re  
wave. I[n a wave of this type the length, 8, becomes a local property 
of various regions of the wave profile. An appropriate definition for  
the charac ter i s t ic  length, k,  i n  a region of a complex wave f o r m  i s :  
where rl i s  the slope of the wave profile. When comput:ation requi res  
X 
a specific value for  the length, k,  i t  may  be taken as :  
where 710 i s  the maximum wave amplitude i n  the region of the wave 
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under considerationand 1 1  i s  d e f i n e d  a s  t h e  m a x i m u m  
X 
value of the slope of the profile in that region. Thus, the local Ursell  
Number for a complex wave shape may be given a s  : 
In Section 3. 2. 1 the l inear  theory was found to be: applicable 
during t:he interval  of the bed deformation when the conditions on the 
generation pa ramete r s  given by Eqs. ( 3 .  58) and (3 .66)  were satisfied. 
As indicated previously, the length of t ime af ter  wave generation for 
which th.e l inear  theory remains applicable depends on the ra te  of 
growth of the nonlinear effects during wave propagation. This ra te  
of growth depends on the generated wave f o r m  which i s  a function of 
the generation parameters  discussed in the previous section. 
Gonsider the bed deformation whose generation parameters  
satisfy !:he conditions given by Eq. (3. 58). F o r  these deformations 
the bed displacement can be considered to be impulsive; hence, a t  
the end of the displacement l i t t le wave propagation has taken place. 
The water surface will have assumed a profile near the end of the 
bed motrement s imi lar  to the shape of the deformed bed. Due to the 
elliptic nature of the fluid's response to an impulsive boundary dis - 
placement, the water surface will not move exactly a s  the solid 
boundary. This i s  especially t rue  for  smal l  disturbance-size scales ,  
b/h, a s  will be demonstrated in Chapter 5. I t  is useful, however, to 
assume for  the moment that for  smal l -  amplitude -impulsive -displace - 
ments  of the bed, the water surface a t  the end of the displacement i s  
identical to the bed deformation. For  a block upthrust of the bed 
section, the assumed water surface a t  the end of the displacement 
i s  shown in Fig. 3 .  4. If the step in the bed profile i s  ignored, the 
Fig. 3 .4  Assumed water surface profile at  the end of an impulsive 
upthrust of the bed. 
asymptotic wave behavior of such an initial displacement based on a 
l inear  theory has  been found by Jeffreys and Jeffreys (1946) to be: 
where Ai [ ] i s  the Airy integral  and a l l  var iables  a r e  dijmensional. 
The Airy function for  i t s  argument l e s s  than ze ro ,  i. e. , for  x < t:$,,,@, 
i s  a darrlped oscillation where the spacing of the nodes o r  the wave 
length decreases  a s  the argument becomes m o r e  negative. F r o m  
Eq. (3. 73) i t  i s  s een  that a convenient choice of a character is t ic  
amplitudle of the wave form,  qo, and a charac ter i s t ic  length, &, 
a re :  
1. I 
-
- 0 [ ~  ) )  and 4, = O[h( t : :m) ' ] ,  
J 
(3. 74) 71, - o h  
where t:::: i s  the elapsed time af te r  generation. It i s  noted tlhat the choice 
of length., &, given by Eq. (3. 74) differs  f r o m  that suggested by Eq. 
(3. 71); however, e i ther  choice should yield values of the same  o rde r  
of magnitude for  the Airy integral.  Thus the Urse l l  Number behaves 
a s  : 
1 
F r o m  Eq. (3. 75) nonlinear effects a r e  seen  to grow with t ime a s  (P:)~. 
(This discussion of the growth r a t e  of nonlinearities i s  es  sentially 
that  presented by Urse l l  (1953). ) 
The t ime required for  the Urse l l  Number to reach  a specified 
value can be approximated f r o m  Eq. (3. 75). F o r  instance, when the 
Urse l l  Number equals unity the l inear  theory i s  no longer applicable. 
The nondimensional t ime,  .JI , after  generation for  this to occur i s  of 
o rde r :  
and the corresponding nondimensional distance, P, f r o m  the generation 
region i s  of order :  
Therefore,  the extent of the l inear  near-field dec reases  very rapidly 
a s  the amplitude sca le ,  c0/h,  o r  the s ize  sca le ,  b/h,  of the deforming 
boundary increases .  I t  i s  interesting to note that although the magni- 
tude of the s ize sca le  alone i s  unimportant i n  determining the appli- 
cability of the l inear  theory, i t  i s  extremely important  in determining 
the distance over which the l inear  approximation remains  useful. 
The far-field has  been previously defined a s  the region of wave 
propagation in  which amplitude dispersion has  become equal in  impor-  
tance to frequency dispersion, i. e .  , the Ursel l  Number i s  of o rde r  
unity. In a positive wave (q > 0 )  amplitude dispersion tends to hold 
0 
the wave f o r m  together while frequency dispersion i s  acting to d isperse  
the wave. Since both effects a r e  equal i n  magnitude, a balance i s  
achieved and permanent wave fo rms  a r e  possible. In a negative wave 
(qo < 0)  both amplitude and frequency dispersion a c t  together to dis - 
p e r s e  the wave; hence, no permanent f o r m  waves a r e  possible. 
As pointed out ea r l i e r ,  when qo/h < < 1 and (h / .~ ) '  < < 1 
such that qo/h = 0[(h/&)' 1, approximate equations governing the wave 
motionhave been developed by seve ra l  authors [see,  e. g. , Boussinesq 
(1872), Rayleigh (1876), McCowan ( l891) ,  and Korteweg and deVries 
(1895)s. 
The permanent f o r m  waves found by these authors a r e  the solitary o r  
cnoidal waves. The equation which Korteweg and deVries found to 
govern is wave propagating in the direction of increasing x:k in water of 
constant depth, h, i s :  
where tlne as ter i sk  is again used to denote dimensional variables.  
(Eq. ( 3 .  78) will hereafter  be r e fe r red  to a s  the KdV equation. ) 
Letting q = q:k/h, x = x:k/h, and t = t ' k m  the KdV equation may 
also be written: 
Another f o r m  of the K.dV equation which was used by Peregr ine  (1966) 
i s  given as :  
3 1 
Ut + ( l t -u )ux  - -u 2 6 xxt = 0 ,  
where LL = u::/fi and u:k(x:k;t*) is the mean horizontal velocity of 
the water. The water surface elevation, q, i s  related tlo the velocity, 
u, to the same o rde r  of approximation by: 
:From the preceding discussion i t  is seen that when q /h < .(: 1 
0 
and (h14. )~  < < 1 such that qo/h = ~ C ( h / t ) " ]  in  the far-field,  the KdV 
equation provides an appropriate description of the future wave 
'behavior. In this investigation, a possi'ble s t rategy to use when wave 
fo rms  a r e  required in  the far-field i s  to take the l inear  solution 
which i s  applicable in  the near-field a s  the input to the KdV equa- 
tion. The far-field wave fo rms  can then be found by solving the 
init ial  value problem for  the KdV equation, e i ther  numerically o r  
analytically. Due to the complexity of the algorithm of the exact 
solution a numerical solution has  been used based on the work of 
Peregr ine  using Eqs. (3. 80) and (3. 81). A s imi la r  input-output 
approach to the solution of the KdV equation has  recently been used by 
Zabusky and Galvin (1971). 
When nonlinear and l inear  effects a r e  each of order  unity the 
above s trategy fails since the KdV equation applies to smal l  (but finite) 
waves only. Fortunately, this case  i s  of l i t t le importance in  the 
current  study. 
PLS indicated previously, when the Ursel l  Number i s  of o rde r  
unity for  a wave of complex shape, permanent f o r m  waves a r e  
possible. The evolution of permanent wave forms has been 
recently demonstrated by an extensive amount of r e sea rch  on the 
properticas of the KdV equation by severa l  authors. In a numerical 
study of the KdV equation Zabusky and Kruskal  (1965) were able to 
show that solitary waves ( termed solitons by the authors) of different 
amplitudes, and thus travelling with different celer i t ies ,  were able 
to "pass through1' one another without losing their  identity. The only 
effect of the nonlinear interaction of two solitons was a slight shift i n  
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phase (an acceleration) of the two waves. The ability of solitons to 
emerge  f rom the nonlinear interaction suggests that a cornplex wave 
f o r m  may be thought of a s  consisting of a finite number of interacting 
solitons of different amplitudes. This surpris ing behavior of a non- 
l inear  physical process  has  been confirmed analytically by Gardner,  
e t  a1 (1967) who discovered a nonlinear transformation which relates  
the solutions of the KdV equation to the eigenvalues of the inverse 
scattering problem. They showed that for an  init ial  wave profile 
whose net volume i s  finite and positive, a t r a in  of solitons will even- 
tually evolve with decreasing amplitude toward the r e a r  of the t rain 
followed by a spreading tail  of oscillatory waves. (For  an initial wave 
profile whose net volume i s  finite but negative, no solitons emerge;  
this cast: will be dis cussed in m o r e  detail  i n  Chapter 5. ) The ampli- 
tude and number of solitons that emerge  i s  a function of the initial 
conditioii q(x;O). Lax (1968) has  investigated this s a m e  behavior for  
a c lass  of nonlinear equations of evolution one of which i s  the KdV 
equation. A m o r e  complete discussion of the KdV equation and i t s  
propert ies  has  appeared in  a se r i e s  of papers authored by re sea rche r s  
a t  the Pl.asma Physics Laboratory, Princeton University which a r e  
indicated by references (24), (31), (32), and (46). 
3.3  REILATION O F  THE DAM- BREAK PROBLEM TO IMPULSIVE 
BED MOVEMENTS. 
In Section 3.2. 1 a c lass  of bed movements was discussed in  
which the deformation occurred so  rapidly that the f r e e  surface near  
the end of the movement assumed a shape almost  identical. to that of 
the deformed bed. F o r  a small-amplitude-bed-uplift,  i . e . ,  
0 < C0/h < < 1,  a solution for  the asymptotic wave behavior was 
presented which was based on a l inear  theory. Now consider the case  
where the uplifting bed section l i e s  i n  the region - m  < x:: S 0,  and the 
bed displacement occurs  impulsively through a distance 5 which i s  
0 
sma l l  but no longer much l e s s  than the water depth, h. The discussion 
of the generation pa ramete r s  i n  Section 3.2. 1 suggests that a nonlinear 
theory i s  required to descr ibe the wave behavior. Again assuming the 
water surface to be identical to the deformed bed a t  the end of the 
movement, the init ial  water surface profile is shown in  Fig. 3. 5. (If 
the relative bed displacement,  Co/h, i s  sma l l  (but finite) then the p res -  
ence of the s tep  in the deformed bed may be ignored a s  a f i r s t  approxi- 
mation.)  The wave f o r m  shown i n  Fig. 3 .  5 resembles  the initial water 
surface prafile commonly used in  the c lass ica l  dam-break problem; 
hence, fur ther  behavior of waves generated i n  this manner  should be 
analogouis to the waves predicted by the solution of the dam-break 
problem. 
The dam-break problem (Stoker (1957), p. 333) consists of 
finding the wave generated when a b a r r i e r  separating two regions of 
fluid of depth h and h t C0 i s  suddenly removed; thus, resulting in  an 
init ial  wave profile identical to that shown in  Fig. 3. 5, (Note that the 
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origin of the coordinate sys t em i s  now a t  the bed. ) The equations 
which a r e  assumed to govern the motion a r e  given by: 
Fig. 3.  5 Assumed water surface profile af ter  an impulsive bed 
upthrust in the region -to < x:: 2 0 .  
where q::(x*;t*) i s  the water surface elevation above the downstream 
water level  given by h. Eqs. (3. 82) and (3. 83) neglect ver t ical  water 
par t ic le  motions thus eliminating the l inear  effects of fre~quency dis - 
persion and implying a hydrostatic p r e s s u r e  distribution everywhere. 
An analytical solution of Eqs. (3. 82) and(3. 83) for  the initial water pro-  
file shown in Fig. 3. 5 i s  available based on the method of charac ter -  
i s t i c s  ( see  Stoker (1 957)). The solution a s sumes  that a bore  (o r  shock) 
of amplitude ro fo rms  immediately upon removal  of the b a r r i e r  and 
then moves downstream with a constant velocity V. At the s a m e  time a 
negative wave moves ups t ream into the r e se rvo i r .  Fig. 3 .6  shows the 
water surface profile a t  a t ime t:: after  the removal of the ba r r i e r .  0 
The fluid domain i n  Fig. 3. 6 i s  divided into four ~ e g i o n s :  zone (1) 
downstream of the advancing bore,  zone (2) containing the constant 
amplitude bore,  zone (3) where the transit ion between the ups t ream 
water surface elevation and the bore occurs ,  and zone (4)  which i s  the 
ups t r eam quiet zone. Since regions (1)  and (4) a r e  quiet zones, the 
water surface elevations a r e  the s a m e  a s  the init ial  s ta te  and the 
horizonti51 fluid velocities a r e  zero.  In regions ( 2 )  and ( 3 )  the bore 
amplitude, qo, the par t ic le  velocities under  the bore,  uz, and the 
bore velocity, V, a r e  related ( see  Stoker (1957)) by the equations: 
while the: water surface elevation i n  zone (3)  i s  given by 
The negative wave retreat ing ups t r eam i s  thus parabolic i n  form. 
Eqs. (3. 84) ,  (3. 85), and (3. 86) may  be solved simultaneously for  q 
0 
u: 
2 '  and V a s  a function of 5 /h. The solution of these equations for  0 
the relative bore amplitude, / a s  a function of Co/h i s  shown 
Fig. 3.6 Regions of the fluid domain after removal of 
the barrier. 
Fig. 3 . 7  Variation of the relative bore amplitude, qo/So, as a 
function of the initial difference in water levels, So/h. 
i n  Fig. 31. 7 .  As the amplitude scale ,  5 /h,  becomes smal l ,  the bore 
0 
amplitude becomes equal to one-half of the init ial  difference in  water 
levels,  i. e. , ~ l , / 5 ~  - 0. 5 a s  Co/h + 0 .  As 5 /h  inc reases  to unity, 
0 
the relative bore amplitude decreases  f r o m  0 . 5  to 0.454. Since the up- 
lifted bed section i s  not present  in  the dam-break problem, the two 
problems a r e  no longer approximately analogous for  l a rge  values of 5 /h. 
0 
MThen a r e se rvo i r  of finite length, b, exis ts  behind1 the ba r r i e r  
the previ.ous discussion is l imited to the t ime in terva l  occurring before 
the negative wave, which propagates ups t r eam f r o m  the original loca-  
tion of the b a r r i e r ,  reaches the end of the r e se rvo i r .  Assuming for  
convenience that a ver t ical  wall exis ts  a t  the ups t r eam end of the 
channel, i. e . ,  a t  x:k = -b, the negative wave is reflected and pro- 
pagates tlowns t r e a m  i n  the positive xa-direct ion af ter  striking the wall. 
A character is t ic-plane solution for  this problem i s  shown in  Fig. 3 .8  
where the coordinate x* i s  scaled by the r e se rvo i r  length, b, and t ime 
i s  scaledl by the t ime required for  the negative wave to reach  the back- 
wall, i. e .  , t = t : % / w ) / b .  The water par t ic le  velocities, u:, and 
the phase velocities, d m ) ,  (from which the water surface elevations, 
~ : k  (x:k ,t:k), . can be found) a t  the labelled nodes i n  Fig. 3 .8  liave been 
determined using standard techniques of the method of charac ter i s  t ics.  
(These values a r e  shown i n  the table inse t  i n  Fig.  3 . 8 .  ) 'The shock 
which i s  generated a t  the instant the b a r r i e r  i s  removed, t ravels  
downstrelam along the s t raight  charac ter i s t ic  C1. The negative wave 
Fig. 
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with 
propagating upstream i s  bounded by an  expansion fan of angle 6 by 
the character is t ics  C2 and Cs. Once u; and q a r e  found f r o m  
0 
Eqs. (3. 84) through (3.86), the angle, 0 ,  of the expansion fan can 
be found. The character is t ic  C2 i s  reflected f r o m  the backwall and 
interacts  in  a nonlinear manner with the incoming negative wave. The 
nonlinear interaction i s  evident by the curvature of the character is t ics  
which indicate an acceleration of the negative wave until the inter - 
action i s  completed. The region of the nonlinear interaction in Fig. 
3.8 i s  indicated by the dashed portion of the character is t ics .  When 
the character is t ic  Cg s t r ikes  the backwall the reflection of the 
negative wave has been completed. It  i s  interesting to note that once 
the reflected charac ter i s  t ic  C, c lears  the region of nonlinear 
interaction, a t  node (7), i t  moves downstream at  a constant velocity 
slightly l a rge r  than the bore velocity; thus the negative wave will 
eventually overtake the shock front. This is t rue  for al l  initial 
differences in  water level over the range 0 < 5 /h  I 1. (For  a 
0 
discussion of an expansion wave overtaking a shock see  Courant and 
Fr iedr ichs  (1967, p. 180). ) 
19 typical water surface profile after the reflection process  
has  beer1 completed, but before the negative wave overtakes the 
shock front,  i s  also shown in  Fig. 3.8. The bore now has  a finite 
length, as i t  must ,  since the volume of water i n  the r e se rvor  i s  
finite. The profile shown in  Fig. 3.8 should be typical of waves 
generated by bed movements for  which the dam-break analogy i s  
applicabile, a t  l eas t  near  the generation region. 
Thus, the dam-break analogy provides a convenient mechanism 
for  investigating the effect of the bed displacement,  
cop and the di  s - 
turbance! length, b, on the generated waves f o r  a c lass  of deformations 
termed impulsive. It should be remembered that the nonlinear theory 
used to solve the dam-break problem i s  l imited i n  i t s  ability to predict  
the detailed wave s t ruc ture  due to the omission of frequency dispersion 
and viscous effects. The vert ical  accelerat ion experienced by a fluid 
par t ic le  i s  direct ly  proportional to the curvature of the water surface. 
At an abrupt discontinuity i n  the water surface (the shock front)  the 
curvature i s  infinite thus the omission of the effects of frequency d is -  
persion i s  not justified. In a r e a l  (viscous) fluid diffusion of vorticity 
by viscosity will smooth this discontinuity. Fur the rmore ,  Binnie and 
Orkney (1955) have shown experimentally that  when the rat io  of bore 
amplitude, r o ,  to water depth, h ,exceeds 0. 75 the front of the bore 
breaks and becomes turbulent a s  i n  the hydraulic jump. For  0 .35 < 
q /h  < 0. 75 they found that undulations formed on the bore and a t  0 
l eas t  one of these broke; the undulations a r e  the resu l t  of frequency 
dispersion. No breaking was observed i n  their  experiments when 
q /h  < 0. 35, however, the undulations were s t i l l  present .  0 
3.4 THI3 THREE-DIMENSIONAL MODEL - A LINEAR THEORY. 
In the previous discussions in this chapter attention has been 
given pr imar i ly  to a simple two-dimensional model of tsunami genera- 
tion, i. e . ,  waves generated and propagating 'between paral lel  ortho- 
g o n a l ~ .  The r e a l  tsunami problem i s  generally three-dimensional 
with waves emanating in all  directions f r o m  the disturbance. There-  
fore ,  it i s  of in teres t  to investigate cer tain aspects  of a simple three-  
dimensional model in  o rde r  to relate  the general  propert ies  of waves 
propagating i n  that type of sys tem to those in  the two-dimensional case.  
Consider a three-dimensional fluid domain D with cylindrical 
coordina.tes r ,  z, and 0. The fluid region i s  bounded above by a f ree  
surface,  Sf, below by a solid boundary, Sb, and unbounded in  the 
radial  direction, i. e. , 0 2 r < a. Initially the f r e e  surface and bed 
a r e  located a t  z = 0 and z = -h, respectively. The prescribed bed 
movement for  t > 0 i s  given by z = -h + < ( r ; t )  where the bed defor- 
mation hii .~ been assumed to be axially symmetrical .  The resulting 
water su.rface displacement will also be independent of the coordinate 
0 and i s  given by z = q(r ; t ) .  The fluid flow is again assumed to be 
incompressible,  irrotational,  invis cid, and surface energy effects a r e  
neglected. Since the flow is axially symmetr ica l  the velocity potential, 
cp, i s  independent of the coordinate 0. Under these conditions the 
mathematical description of the problem i s  a s  follows: 
In a manner  which i s  s imi lar  to that presented in  Section 3.  1 the non- 
l inear  problem given by Eqs. (3. 88) through (3 .  91)  i s  replaced by i t s  
l inear  approximation: 
CPtt + gcPz = 0 o n z  = 0 ,  
wz = C t  on z = - h .  
The linearized equations a r e  mos t  easi ly  solved using t r ans fo rm 
techniquies s imi lar  to those described i n  Section 3. 1. The appropriate 
t r ans fo rm for  the radial  coordinate (which ranges  f r o m  ze ro  to infinity) 
i s  the Hankel t ransform of zeroth order .  The Hankel t ransform of a 
function f ( r )  i s  given by: 
where J ( k r )  i s  the Bessel  function of the f i r s t  kind and of o r d e r  zero. 
I3 
(The ca re t  superscr ip t  will be used h e r e  to denote the Hankel t r ans -  
form. ) 'The t ime variable ,  t ,  is again t ransformed by the Laplace 
transforim (Eq. 3.11). Performing the necessa ry  operations on Eqs. 
(3.92),  (3. 93), and (3. 94), the t ransformed problem becomes: 
Solving 13qs. (3. 96),  (3. 97), and (3. 98) yields: 
,-.I 
A, S 
2 
q)(k, z ; s )  = -gst(k;s) [cosh kz  - - sinh kz] (s"+w2) C O S ~  kh g k 
where w2 again i s  defined as:  (u2 - gk tanh kh. The water surface 
variatioii is found f r o m  Eq. (3. 89) a f te r  that expression has  been 
linearized and t ransformed to be: 
Application of the inversion integral  fo r  the Hankel t ransform of zeroth 
o rde r ,  i. e. : 
and the :Laplace inversion integral,  Eq. (3.28) ,  to Eq. (3. 100) yields: 
N 
s2estkJ  ( k r )  f ( k ; s )  
0 
v ( r i t )  = Im{& S (s2+w2) C O S ~  kh a s )  dk . ( 3 .  102) 
' 0 Br. 
1110 use  Eq. (3. 102) a specific bed displacement-time history 
must  be given. For  example, consider a block upthrust o r  downthrow 
of a sec1;ion of the bed which i s  c ircular  in  planform and moves in the 
same exponential manner as  shown in Fig. 3. 2. If the radius of the 
moving bed section i s  given by r then the movement i s  described 
o ' 
mathematically by: 
-a t  C(r;t) = <,(1-e r - r ) ,  t 2 0 , (3. 103) 
where H ( r o - r )  i s  the Heavyside step function defined by Eq. (3. 31). 
Transforming the bed movement by the Hankel and Laplace t ransforms 
given by Eq. (3. 101) and (3. 1 l ) ,  respectively, one obtains: 
where Jl (kr  ) i s  the Bessel  function of f i r s t  kind and o rde r  one. 
0 
Substituting Eq. (3. 104) into Eq. (3. 102) yields: 
s t  
a s e  ds q ( r ; t )  := C r 
o o cosh kh ]-dk . (3. 105) Br. 
The integration of the bracketed quantity above i s  identical to the 
Laplace inversion integr a1 appearing in Eq. (3.34); hence, the following 
expressj.on for  the wave amplitude distribution results:  
The  integrat ion ove r  wave number  space  i n  Eq. (3 .  106) cannot be 
per formed  i n  closed fo rm.  Thus,  numer i ca l  in tegrat ion again m u s t  
be used.  
CHAPTER 4 
EXPERIMENTAL EQUIPMENT AND PROCEDURES 
l'n o rde r  to model the bed deformations given by Eqs.  (3.30) 
and (3.32) in  the laboratory,  a wave generation sys t em was required 
i n  which both the t ime-displacement his tory of a block section of the 
bed i n  a wave tank and the motion charac ter i s t ics ,  i. e .  , cO, b, and 
tc' could easi ly  be varied. A hydraulic servo-  sys t em was developed 
to m e e t  these requirements .  Since the wave behavior for  the simple 
two-dim.ensiona1 model of generation descr ibed i n  Chapter 3 i s  sym-  
m e t r i c  about the position x = 0, this position was replaced i n  the 
laboratory model by a vert ical  wall; hence, only one-half of the disturb- 
ance and fluid domain were modeled. In this chapter the wave tank, 
the hydraulic servo  - system, the associated instrumentation, the actual 
t ime-displacement h is tor ies  and dynamics of the moving bed section, 
and the range of the generation pa ramete r s  (cO/h ,  b/h,  t o r  
C 
t m l b )  for which experiments were conducted a r e  described i n  
C 
detail. 
4 .1  THE WAVE TANK.. 
1% wave tank measuring 103.8 f t  (31.6 m) long, 2 ft (6 1 cm)  deep, 
and 15 - I1 12 in. (39.4 cm) wide was used for  the experimental program. 
The tank i s  constructed of eleven separa te  modules,  ten of which a r e  
identical; the additional module i s  located a t  one end of the wave tank 
and contains the moveable block section of the bed which i s  used to 
generate the waves. A schematic  drawing of one of the ten s imi lar  
modules of the wave tank i s  shown in  Fig.  4.1.  Details of the con- 
struction of these modules have been given previously by- French  (1 969)  
and will only be discussed briefly he re .  The side walls of each of 
these ten modules a r e  constructed of glass  panels measuring 5 f t  long, 
25 in.  high, and 112 in.  thick. The ins t rument  car r iage  r a i l s  a r e  
made of' 1 in. diameter  s ta inless  s tee l  rod and a r e  mounted on the top 
flanges of the tank sidewalls with studs spaced a t  2 f t  intervals .  The 
r a i l s  were carefully leveled to within 0.001 f t  of a s t i l l  viater surface 
i n  the wave tank. A photograph of an  overall  view of the wave tank 
taken f r o m  the downstream end, i. e. , the end of the tank fur thest  
f r o m  the wave generator ,  i s  shown i n  Fig.  4 .2.  
A wave-energy dissipation sys t em which consists of twelve 
individual units i s  located a t  the downstream end of the wave tank. 
Each urdt i s  constructed of a sheet  of rubberized ha i r  (commonly 
used in the manufacture of furni ture)  measur ing  2 in. thick with the 
dimensj.ons of the tank c r o s s  - section, and held i n  a rack made of 118 
in.  s ta inless  s tee l  rod. The units a r e  approxirnately equally spaced 
over the l a s t  5 f t  of length of the wave tank ( see  Fig. 4.2). Two sheets 
of rubberized ha i r  a r e  also attached to the downstream end-wall of the 
tank. The efficiency of this sys t em a s  an energy dissipator varied 
appreciably over the range of water depths used i n  the experiments.  
No detailed reflection coefficients were obtained for the sys t em,  since 
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Fig .  4 . 1  S c h e m a t i c  d rawing  of a typ ica l  d o w n s t r e a m  
tank module  ( a f t e r  F r e n c h  (1969)  ) 
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- .  
Fig .  4 . 2  O v e r a l l  view of wave tank 
the mai:n purpose of the diss ipators  was to attenuate the reflected wave 
energy :in the tank i n  the shortest  possible t ime.  
.A schematic  drawing of the tank module which was constructed 
to house the moveable bed section i s  shown in  Fig.  4.3.  The ups t ream 
end-wall of this module (corresponding to the position x = 0 in the 
theoretical model presented in  Chapter 3 )  is constructed of 15 in. 
aluminum channel with a machined face  and i s  mounted on four cad- 
mimum-plated studs. Using these studs,  the end-wall can be adjusted 
for  proper  ver t ical  alignment. Adjacent to the upstream end-wall i s  
an open section (or  chamber)  in  the bottom of the module where the 
moveab:le bed section of the wave generator  i s  located. (Note that the 
moveab:le bed section i s  shown installed i n  this chamber i n  Fig. 4.3.  ) 
The len,gth of this chamber corresponds to the half-lengtlh, b, of the 
modeled bed deformation. The downstream wall of the chamber i s  a 
1 12 in.  machined aluminum plate which i s  a lso mounted to adjustable 
studs to facilitate alignment. The fixed portion of the bed section i n  
this tanlk module, which connects to the remaining wave tank, i s  con- 
s t ructed of 15 in. aluminum channel. (All aluminum was anodized to 
reduce corrosion. ) The fixed bed section and the downstream chamber 
wall arc: designed so  that alterations in the chamber length can be made;  
hence, the half-length, b, of bed deformation may  be varied. 
The s ide walls of the end module shown i n  Fig. 4.3 a r e  made of 
glass  panels measuring 48 in.  long, 41 in. high, and 314 in. thick. 
Thicker glass  i s  used i n  this module than i n  the downstream tank 

modules because of the l a rge r  hydrodynamic forces  which occur 
during rapid movements of the bed section. After construction, this 
tank module was bolted to the existing wave tank with each leg of the 
module supported on bolts which were fastened to a flat  s teel  bar 
bolted to the laboratory floor ( see  Fig. 4.3). Hence, the portion of 
the tank bed in  this module just downstream of the chamber for the 
moveable bed unit could be aligned with the bed of the remaining wave 
tank. Instrument car r iage  r a i l s  were also mounted on the top flanges 
of this rnodule and aligned with the ra i l s  of the main wave tank. A 
photograph of the end tank module after installation i s  shown in Fig. 
4 .4  with the moveable bed unit in  place in the chamber.  
THE WAVE GENERATOR. 
'The wave generator which was designed and constructed to 
accuratlely model the bed deformations discussed in Chapter 3 i s  
driven by ahydraulic servo-system. This sys tem  accept:^ an input 
voltage and converts the input electr ical  signal into a mechanical 
displacement (which i s  directly proportional to the magnitude of the 
voltage)]; hence, the time-displacement his  tory of the mechanical 
movement i s  proportional to the t ime -voltage his tory of the input 
signal. (A brief description of this generation sys tem has  been given 
by Raichlen (1970). ) The sys tem can be conveniently divided into the 
followirlg sections: a moveable bed assembly,  the hydraulic supply 
unit, arid the servo-system. A schematic drawing of the ent i re  sys -  
t e m  i s  shown in Fig. 4.5. 
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Fig.  4 .4  View of the end-tank module and wave generator .  
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F i g .  4 . 4  View of the end-tank module  and wave g e n e r a t o r .  

The moveable bed assembly consists of a hydraulic cylinder, 
i t s  supporting s t ruc ture ,  two f lexures ,  a load cel l ,  a guide cylinder, 
the bearing support s t ruc ture ,  and the bed unit with i t s  attached seal .  
The assembly i s  located in  a pit beneath the end module of the wave 
tank ( see  Fig. 4 .4 ) ;  an "exploded" view of the assembly i s  shown in  
Fig.  4.6. The hydraulic cylinder which dr ives  the bed unit i s  a double- 
throw type (Miller Model DH62) with a s t roke of * 7 in. ( 5  17.78 cnl) 
and has  a net pis ton a r e a  of 6 .8  11 sq.in. The hydraulic cylinder i s  
mounted vertically and attached 'by means of two stainless  s tee l  flex- 
u r e s  to the floor of the pit and to the load cell. The flexures provide 
a means  to co r rec t  for  any sma l l  ver t ical  misalignments occurr ing 
during installation. The upper portion of a load cell  (BLH Electronics,  
Type U361) i s  attached to the bed unit and m e a s u r e s  the total force  
applied to the bed unit. (This t ransducer  was not used in  the cur rent  
study. ) To insu re  the proper  ver t ical  movement of the bed unit, a 
s ta inless  s tee l  cylinder with a lengthof 2f t  and a 7 -1  12 in. outside 
diameter  was used a s  a guide. The guide cylinder moves between two 
bronze bearings located i n  the bearing support s t ruc ture .  The bearing 
support s t ruc ture  i s  f i rmly  anchored to the laboratory floor beneath 
the end tank module a s  shown in  Fig. 4 .3 .  The bed unit i s  positioned 
inside the chamber of the end module of the wave tank and i s  bolted to 
the upper portion of the guide cylinder. A sea l  i s  attached to the 
bottom per imeter  of the bed unit ( see  Fig.  4.3).  The sea ls  which were 
designed and fabricated a r e  a single-piece unit, molded of relatively 
flexible ma te r i a l  and mounted to an aluminum f rame.  
Bed unit  with s e a l  
Bear ing Support 
S t ruc ture  
Guide Cylinder 
Load Cell  
F l exu re  
Hydraul ic  Cylinder 
Hydraul ic  
Support  S t ruc ture  
F l exu re  
11406 
Fig.  4 . 6  Exploded view of moveable  bed assembly .  
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Fig.  4 .6  Exploded view of moveable bed assembly.  
Two bed units were used in  the experimental program in order  
to vary the half-length, b, of the bed deformation. The longer bed 
unit (sk~own in  Figs.  4 .3,  4.4,  and 4.6) measures  2 f t  (61 cm)  in 
length, 8 in. high, 15-1 I4  in. wide, and i s  constructed of machinedl 
cas t  aluminum except for the upper lid which i s  made of 112 in. 
aluminum plate. The second bed unit i s  1 f t  (30.5 c m )  in length, 8 in. 
high, l!; - 1 14 in. wide, and i s  constructed entirely of 1 12 in. machined 
aluminum plating. Both units were anodized to protect against 
corrosion. A sea l  was fabricated for  each bed unit. 
The hydraulic supply unit consists of a hydraulic fluid reservoi r ,  
pump, f i l ter ,  unloading valve, two heat exchange units, check valve, 
and an accumulator. A photograph of the main portion of the hydraulic 
supply unit i s  shown in  Fig. 4.7; the accumulator which i s  located in  
the pit beneath the wave tank and the water cooled heat exchanger 
which ir; located in the hydraulic fluid r e se rvo i r  a r e  not shown in  this 
photograph. (A schematic drawing of this assembly has been shown 
in Fig. 4.5.  ) The reservoi r  i s  filled with hydraulic fluid and contains 
a sight gage which indicates the fluid level and temperature.  A 
Denison, constant volume, axial-pis ton- type pump, rated at  2.9 gpm 
a t  3000 psi  and 2 .8  gpm a t  3500 psi  i s  mounted above the r e se rvo i r ;  
the pum~p i s  powered by a 7.5 hp, 1800 r p m  e lec t r ic  motor.  Imme- 
diately downstream of the pump i s  a f i l ter  constructed of stainless s teel  
wire cloth with a nominal and absolute particle diameter  rating of 5 
microns and 15 microns,  respectively. Downstream of the fi l ter i s  an 
unloading valve which is followed by a check valve. The unloading 
11407 
Fig. 4 .7  View of the hydraulic supply unit. 
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Fig.  4 . 7  View of the hydraulic supply unit. 
valve senses  the sys tem pressu re  at  a position downstream of the 
check valve; when the sys tem pressu re  i s  below a prese t  value 
(3200 psi  during normal operation) the unloading valve directs  the 
flow of 'hydraulic fluid into the system. Once the desired sys tem 
p r e s s u r e  i s  reached, the sys tem side of the valve closes and the flow 
i s  diverted through an air-cooled heat exchanger (the radiator s t ruc t -  
u r e  shown in  Fig. 4.7) and back to the reservoi r .  The check valve 
prevents a r eve r se  flow through the pump f r o m  the pressurized sys  tern 
when power to the pump is turned off. During normal operation the 
assembly shown in Fig. 4.7 i s  enclosed in  an acoustically insulated 
housing that contains a fan which i s  used to increase  the a i r  flow 
through the heat exchanger. 
An accumulator was installed dovirnstream of the check valve in 
order  to provide a sufficient volume of hydraulic fluid a t  high p ressu re  
to drive the moving bed unit when flow ra te s  grea ter  than 2.9 gpm 
(the pump capacity) a r e  required. The accumulator (partially shown 
in  Fig. 4 . 4  horizontally mounted to the wall of the pit)  is precharged 
with nitrogen at  1500 psi  on one side of a moveable piston. Under a 
sys tem pressu re  of 3200 psi  the nitrogen i s  compressed behind the 
pis ton thus permitting approximately 2 - 1 12 gallons of hydraulic fluid 
to be stored. This volume i s  sufficient to supply the required flow 
ra te s  w'hich occasionally reach an instantaneous value of 6.0 gpm for 
very shor t  intervals  of time. 
One of the mos t  important par t s  of the wave generator i s  the 
servo  - sys t em which controls the t ime -displacement his  tory of the 
moving bed. The servo-sys tem consists of a Moog AC/DC servo-  
controller (Model 82-151) and power pack (Model 82-152), a Moog 
servovalve (Model 72 - 103), a function generator designed and constructed 
by Dr. Haskell Shapiro, and a l inear  variable differential t ransformer.  
'The function generator provides a DC voltage which varies  with 
t ime and i s  directly proportional to the des i red  time-displacement 
history of the moveable bed unit; the circuit  required to produce a 
t ime -voltage his tory proportional to the exponential and half - sine bed 
movements given by Eqs. (3.30) and (3.32),  respectively, i s  shown, 
in  Fig. 4.8. When the two selector switches i n  Fig. 4.8 a r e  in  
position A, the output voltage varies  in  an exponential manner given 
by Eq. (3.30). The variable capacitor, CX3, permi ts  changes in the 
t ime scale  of the exponential movement; the capacitance in microfar,ads 
corresponds approximately to the t ime in seconds required for two- 
thirds o:f the motion to be completed. (This relationship i s  the reason 
for the clefinition of the character is t ic  t ime, tc '  adopted in Chapter 3. ) 
The maximum voltage which i s  approached asymptotically by the 
exponential t ime history (which corresponds to the maximum bed 
displacement, 6 1 i s  controlled by the variable r e s i s to r ,  
0 
R1. When 
the two selector switches a r e  in  the position, B, the output voltage 
varies  in  a half - sine manner described by Eq. (3.32). The matching 
variable capacitors,  CX1 and CX2, may be adjusted to control the 
t L-- ............................ 7-- ------------- HALF -SINE FUNCTION GENERATOR 
- OUTF'UT 
Fig.  4 .8 Ci rcu i t  d i a g r a m  of the exponential  and half -s ine  
function genera tor .  
total t ime of the movement in  seconds. The total amplitude of the 
movemerit may be adjusted in the same  manner a s  for  the exponential1 
motion b.y changing the variable r e s i s to r ,  1 ' 
The servocontroller receives the e lec t r ica l  signal f r o m  the 
function generator and actuates the servovalve to vary the flow of 
hydraulic fluid to either side of the piston in  the hydraulic cylinder; 
the imbalance of p ressu re  ac ross  the hydraulic piston resul ts  in  the 
displacement of the bed unit. The LVDT i s  used in  conjunction with 
the servo-sys tem to monitor the actual bed displacement. The servo-  
controller compares the actual bed displaicement with the programmed 
motion and makes corrections in the electr ical  signal to the servovalve 
i f  the bed unit i s  not moving properly.  In this manner the t ime his  tory 
of the mechanical displacement i s  corrected within the limitations of 
the ability of the mechanical system to respond to the electr ical  signal. 
(This response will be discussed in  Section 4.3. ) 
The electr ical  signal f r o m  the LVDT i s  also recorded on a 
multi-  channel Consolidated Electronics Corporation (Model 5 - 124A) 
recording oscillograph after f i r s t  being amplified by a Dynamics 
(Model 6450) differential DC amplifier.  (The recording speeds of th~e 
oscillograph range f r o m  0.625 c m / s e c  to 160 cm/sec ;  hence, detailed 
measurements  of very rapid bed movements a r e  possible. ) The LVIIT 
was calibrated by moving the bed a known distance and recording the 
electr ical  signal f r o m  the LVDT on the oscillograph. A typical cali- 
bration curve of the LVDT i s  shown in Fig. 4.9. The LVDT was 

found to be a highly reliable motion t ransducer  maintaining i t s  l inearity 
over the full range of displacements used i n  this study. 
4 .3 THE RESPONSE O F  THE WAVE GENERATOR. 
The hydraulic servo-sys tem i s  l imited i n  i t s  performance by 
the ability of the mechanical sys t em to respond to the programmed 
electrica.1 signal. In o rde r  to check the performance of the wave 
generator  over a wide range of programmed t ime sca les ,  the frequency 
response: of the mechanical-electr ical  sys t em was determined. A 
sinusoidal voltage of constant maximum amplitude and variable f r e -  
quency (up to a maximum of 40 cps)  was used a s  input to the servo-  
controller.  The response of the moveable bed unit to this signal was 
then determined f r o m  the recorded output of the LVDT. The damping 
i n  the sys tem may  be varied electr ical ly  to change the response 
charac ter i s t ics  of the ent i re  wave generator .  Response curves 
obtained a t  three  different values of the e lec t r ica l  damping a r e  show11 
i n  Fig. 4.10 where the total  bed displacement ,  47 normalized with 
respec t  to the total bed displacment for  a frequency approaching zero,  
5 , i s  shown as  a function of the forcing frequency. (The experimental 
0 
curves placed through the measured  data  a r e  to be considered only a s  
suggested response curves.) The short-dashed curve represents  the 
sys t em response for the smal les t  e lec t r ica l  damping; amplification of 
the bed rnotion appears  to occur a t  1.5 cps and 20 cps for  this damping. 
As the electr ical  damping i s  increased ,  these resonant  peaks disappear.  
The soli~d curve shown in  Fig. 4.10 represents  the sys tem behavior ;at 

a damping which was found to yield the 'best overa l l  per formance  of the 
wave genera tor ;  this  damping was adopted1 fo r  u s e  throughout the 
exper imenta l  p rog ram.  
In addition to monitoring the bed unit d isplacement  on the 
record ing  osci l lograph,  the e l ec t r i ca l  signal f r o m  the function gene r -  
a to r  was a l so  moni tored.  Since the cal ibrat ion curve of the LVDT 
output i s  l i nea r ,  the  s ide-by-  s ide  m e a s u r e m e n t  of p rogrammed and 
actual  bed movement  provides an  e a s y  per formance  check of the wave 
generat ion sys tem.  Two examples  of the s y s t e m  performance for  the 
exponential bed displacement  a r e  shown in  F igs .  4.1 l a  and 4 .11 b where  
the programmed and actual  bed d i sp lacements ,  5 ,  a r e  shown a s  a 
function !of t ime.  (Note that  the  e l ec t r i ca l  s ignals  f r o m  the LVDT and 
function genera tor  i n  each  f igure  have been scaled so  that  they cause  
the s a m e  total  s tylus  deflection. ) The cha rac t e r i s t i c  t ime ,  tc'  of the 
programmed movement  shown in  Fig.  4 .1  l a  i s  0 . 2 5 0  s e c s .  (Recall  
that  t = tc  when C / C O  = 2 1 3  for  the exponential bed displacement ;  the 
manne r  i n  which t i s  determined f r o m  the LVDT output will be d i s -  
c 
cussed slhortly. ) The actual  bed movement  i n  F ig .  4 .1  l a  appears  to 
l ag  the programmed signal by approximately 0 . 0  1 s e c s  . The actual  
bed motion i n  Fig.  4 . 1  l a  closely r e sembles  the programmed movement  
except init ial ly where s o m e  d isc repanc ies  a r e  observed.  These dis  - 
crepanc i~es  a r e  caused by the discontinuity i n  the bed velocity of the 
exponential t ime  h i s to ry  a t  t = 0 .  The mechanical  s y s t e m  smoothes  
this discontinuity i n  accordance with the response  shown in  Fig.  4. 10. 
PROGRAMMED BED DISPLACEMENT T
Fig .  4.1 1 E x a m p l e s  of p r o g r a m m e d  and ac tua l  exponential  bed 
d i sp lacements .  
This smoothing process  requi res  approximately 0 .0  1 s e c s  after motion 
of the bed has begun. The high frequency oscillation in  the electrical. 
signal f r o m  the LVDT (the actual bed displacement) i s  a resu l t  of the! 
400 cps electr ical  signal used to excite the LVDT.  The presence of 
this signal did not affect the bed movement since the mechanical s y s -  
t em cannot respond to a frequency of this magnitude. 
As the character is t ic  t ime of the exponential bed displacement 
i s  increased to values l a rge r  than t = 0.250 s e c s ,  the agreement  
C 
between the programmed and actual bed displacements improves.  As 
the chara-cteristic t ime dec reases ,  the differences between program-. 
med and actual motions become m o r e  pronounced since the init ial  
smoothing of the discontinuity requi res  a l a r g e r  period of t ime relative 
to t . This type of behavior i s  demonstrated i n  Fig. 4. 1 l b  where 
C 
simultana~ous measurements  of the LVDT and function generator  outpiut 
for  an exponential bed displacement with t = 0.020 secs  a r e  shown. 
C 
F o r  this movement the smoothing of the initial discontinuity requi res  
approximately 0.0 12 secs ;  hence, the programmed and actual bed 
movements a r e  diss imilar  for  m o r e  than 50% of the character is t ic  
t ime. Because of this behavior no experiments were conducted for  the 
exponential bed displacements with a charac ter i s t ic  t ime,  l e s s  
than 0.033 secs .  
Side-by-side measurements  of actual and programmed time 
h is tor ies  of two half-sine bed displacements a r e  shown in Figs .  4. 12a 
and 4.12b. The charac ter i s t ic  t ime,  tc'  of the programmed motion 
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DISPLACEMENT 
ACTUAL BED DISPLACEMENT 
2 
f = 0.079 sec. C 
(a  
0.0 2 0.04 0.06 0.08 0.10 
t (sec) 
PROGRAMMED BED 
DISPLACEMENT 
ACTUAL BED DISPLACEMENT 
t ,  = 0.039 sec. 
( b )  
Fig. 4.12 Examples of programmed and actual half- sine bed 
displacements. 
in  Fig. 4. 12a i s  0.079 secs .  (Recall  that the charac ter i s t ic  t ime of 
the half-sine motion has  been taken a s  the total  t ime of movement; the 
determination of this time f r o m  an actual motion record  will be dis  - 
cussed s'hortly. ) The bed movement i s  again observed to lag the 
programmed movement by approximately 0.01 secs .  Except for  the 
presence of this lag,  the actual and programmed motion appear to be 
s imi lar .  (The oscillations observed on the actual bed motion a r e  
caused again by the 400 cps e lec t r ica l  signal used to excite the LVD'I'. ) 
No discontinuity exists i n  the slope of the half -s ine bed displa.ce- 
ment  given by Eq. (3.32);  however, in  accordance with the sys tem 
response,  the actual motion of the bed becomes distorted a s  the 
charac ter i s t ic  t ime of the displacement becomes very small .  This i s  
i l lustrated in  Fig. 4.12b where the simultaneous recordings of the 
programmed and actual bed motion a r e  shown for  a programmed 
motion with a character is t ic  t ime of 0.039 secs .  The bed unit i s  not 
able to reach  the velocities required by the programmed motion and 
the bed unit overshoots the total programmed displacement.  In order  
to avoid this behavior, no experiments with half - sine bed displacements 
were conducted with a character is t ic  t ime of l e s s  than 0.043 secs .  
In addition to the frequency limitations of the wave genera tor ,  
the response i s  also l imited by the total  displacement,  , of the 50 
programmed motion. Although a maximum stroke of + 17.78 c m  is 
provided by the hydraulic cylinder, i t  was found that the actual bed 
displacements deviated f r o m  the programmed movements when 5 
0 
exceeded Ifr6 c m  for  rapid bed motions. This type of behavior i s  
caused b.y the inc rease  in  the required velocities and accelerations as  
the total displacement inc reases  for  a constant charac ter i s t ic  time. 
Hence, a. maximum bed displacement of 6-6 c m  was used i n  the 
experimental p rogram for  rapid movements. La rge r  total displace- 
ments  could be used for slow bed movements;  however, the total d is -  
placement never exceeded -t 10 cm. 
In accordance with the l imitations of the experimental equip- 
ment,  the range of the generation parameters  ( 5  /h,  b/h,  t o r  
0 C 
t m l b )  used in  the experimental program a r e  shown in  Table 4.1 for 
C 
both the exponential and half - sine bed displacements.  The disturbance - 
amplitude scale  never exceeds i 0.2,  i. e .  , / co /h  I 0 .2 ,  f o r  the 
th ree  srn-aller dis turbance-size sca les  of b/h = 0.61, 1.22, and 2.03. 
F o r  b/h = 6.10 a bed displacement up to 50% of the water depth was 
used; f o r  the l a rges t  s i ze  scale ,  I. e . ,  b/h = 12.2,  the bed unit could 
be displaced over the full  depth, i. e.  , I Co/h ( 5 1.0.  
Although the character is t ic  t ime of the programmed exponential 
o r  half-sine bed movement could be determined approximately f r o m  
the capacitance used in  the circui t  ( see  Fig. 4. 8 ) ,  the actual charac ter -  
i s t i c  t im~e was computed f r o m  the LVDT output for  each movement. 
In order  to determine t for the exponential motion, the actual time-. 
C 
displacement h is tory  i s  plotted on semi-log paper a s  shown in  Fig. 
4.13a where the ordinate i s  given by 1 - < / c  and the absc issa  
0 
represents  the t ime elapsed f r o m  the beginning of the bed displacement. 

Fig.  4.13 Determination of actual characteris tic times; 
a)  exponential bed displacement, b )  half - sine 
bed displacement. 
The data shown i n  Fig.  4.13a have been determined f r o m  the actual 
'bed movement shown i n  Fig.  4. l l a ;  note that  a l a r g e  water depth, 
h = 50 c m ,  a l a rge  total displacement,  Co = t 5 cm,  and the srnall.er 
bed unit (b = 3 0 . 5 , c m )  were  used for this movement.  Once the data  
fo r  the actual  motion a r e  determined,  a s t ra igh t  l ine i s  f i t  to the 
da ta  and the charac te r i s t ic  t ime ,  tc '  i s  found a t  S/Co = 213 o r  
1 - 515 = 1 / 3  ( s e e  Fig.  4. 13a). 
0 
F o r  the half-s ine bed displacement,  the charac te r i s t ic  t ime i s  
determined by plotting the actual  motion on a special  paper wheire the 
half-s ine motion between t = 0 and t = T p~lots a s  a s t ra ight  l ine.  
Fig.  4.13b shows the half-sine movement of the  experimental  record  
shown i n  Fig.  4.12a plotted i n  this manner .  (Note that a sma l l  water 
depth, h = 5 cm,  a sma l l  total displacement,  Lo  = t 1 cm,  and the 
l a r g e r  bed unit (b = 61 c m )  have been used in this experiment.  ) 
The da ta  i n  Fig. 4. 13b a r e  determined by f i r s t  finding the position 
on the actual  exper imental  record a t  which one-half of themotion has  
been completed ( see  Fig.  4. 12a). This pos:ition becomes the origin 
f r o m  which the bed displacement ,  c ' ,  and t ime,  t ' ,  a r e  measured ;  
hence,  5' and t '  a r e  negative for  the motion which occurs  during the 
f i r s t  half of the displacement.  Once 5' has  been normalized with 
r e spec t  to the total bed displacement,  CO, and plotted a s  a function 
of t ' ,  a s t ra igh t  l ine  is fi t  to the data  f r o m  which the charac te r i s t ic  
t ime ,  tc '  i s  easi ly  determined ( s e e  Fig. 4.13b).  
4.4 THE MEASUREMENT O F  WAVE AMPL:ITUDES. 
Resistance wave gages a r e  used in  conjunction with the Sa.nborn 
(150'Series)  recorder  in  o rde r  to measure  wave amplitudes a s  a 
function of t ime a t  a specific location in  the wave tank. A drawing of 
a typical wave gage i s  shown in Fig. 4.14. The wave gage consists 
of two stainless  s tee l  wires 3 .25 in. long with a diameter  of 0.01 in . ,  
and spaced 0.16 in. apart .  The wires a r e  s t retched taut and parallel  
in  a f r ame  constructed of 1 /8  in.  diameter  s ta inless  s teel  rod. The 
wires  a r e  insulated electr ical ly  f r o m  each other in  the f r ame ,  how- 
ever ,  a cur rent  can pass  between the wires  when they a r e  immersed  
i n  a conducting fluid. The wave gage i s  mounted on a point gage which 
i s  attached to an instrument  car r iage  resting on the stainless s teel  
r a i l s  which a r e  mounted to the walls of the wave tank. A Sanborn 
C a r r i e r  Preamplif ier  (Model 150- 1100 AS) :is used to supply the 
2400 cps14.5 volt excitation for the gages a s  indicated by the circuit  
d iagram i n  Fig. 4.15. The output signal f r o m  the wave gage i s  also 
received by the C a r r i e r  Preamplif ier  which af ter  demodulation and 
amplification i s  displayed on th.e recording unit. As the immers ion  
of a wave gage i s  var ied-in a conducting solution, the resis tance in  
the circui t  changes proportionally, causing a,n imbalance i n  the fi l l1  
bridge circui t  shown in  Fig. 4. 15; this imbalance i s  recorded a s  a 
change f r o m  the balanced position. 
Before the wave gage i s  calibrated the full bridge circuit  must  
be balanced a t  a fixed gage immers ion .  The gage i s  then i m m e r  ,sed 
Fig .  4. 14 Drawing of a typica l  wave gage  ( a f t e r  Ra ich len  (1965) ). 
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Fig .  4. 15 C i r c u i t  d i a g r a m  f o r  wave g a g e s  ( a f t e r  Ra ich len  (1965) ). 
and withdrawn a known distance f rom the balanced position and the 
deflection of the stylus i s  noted. This procedure i s  repeated for 
various immersions and withdrawals, and a typical calibration curve 
which resul ts  i s  shown in Fig. 4.16. Every wave gage i s  ca1ibrat:ed 
before each experiment; however, no calibration curves were obtained 
a t  the end of the experiment, since each experiment was completed 
within minutes of the initial calibration. 
Wave profiles were norn2ally recorded a t  five locations in the 
wave tank during the experimen.ts; two wave gages were positioned 
over the moving bed section and three gages were located downstream 
of the bed section. Over the bed unit the waves were measured a t  the 
end-wall (x/h = 0 )  and a t  the leading edge of the moving bed section 
(x/h = b/h). The downstream positions were varied according to the 
water depth such that the ent i re  wave profile could be recorded a t  each 
position before the wave reflected f r o m  the end of the tank and return-  
ed to dis tor t  the generated wave pattern. Table 4 .2  shows the wave gage 
Table 4 .2  Wave gage locations for  each 
disturbance- s ize scale  used 
in  the experimental investigation. 

positions for  each of the five disturbance-size sca le s ,  b/h,  for which 
experiments were conducted. Note that the wave gage locations a r e  
arranged such that two adjacent values of dis turbance-size sca le  have 
four positions in  common. The wave measurements  a t  x /h  = 0 ( c ~ r  
(x-b) /h  = -b /h )  were by necessity obtained approximately 1 c m  i n  
front  of the tank end -wall. Obviously, measurements  at  this posi1:ion 
could not be made in  experiments for  which the bed unit displacement 
was positive and equal to the water depth. F o r  this case,  a lso,  wave 
recordings a t  the leading edge of the bed section were made about 1 c m  
downstream of the uplifting bed unit. 
In addition to these Eule~rian measurements  of wave profi les ,  
i. e .  , the observation of the change in  wave height with t ime at  a fixed 
spatial  location, a photographic sys t em was constructed to enable 
Lagrangian measurements  of the water surfac:e movement to be made 
near  the moveable bed section. These Lagrangian measurements  
permitted the spatial  distributionof the wave amplitudes to be observed 
a t  a fixed time. 
The photographic sys tem consists of an adjustable point gage 
with an attached micro-switch,  a t ime-delay ]mechanism, two gas - 
discharge f lash lamps ,  and a camera .  The point gage i s  mounted on 
the support s t ruc tu re  of the mo~reable  bed assembly in  a manner such 
that a c a m  attached to the guide cylinder could t r ip  the micro-switch 
when the cylinder movement reaches  a preset. position of the point; 
gage. The mic ro - s  witch closes an electr ical  c i rcu i t  which activates 
the time-delay device. The time-delay device could be adjusted to 
activate the lamps af ter  a t ime interval  of zero  to three seconds; 
adjustments of this mechanism could be made in 0.05 sec  intervals.  
A camera  i s  positioned in front of the generation region with the 
shutter open so that the lamp flash imprints  the picture on the film. 
Hence, the water surface location in  the region of generation can be 
photographed at  any time af ter  the bed movement begins. 
PRESENTATION AND DISCUSSION O F  RESULTS 
In the f i r s t  section of this chapter (Section 5. 1)  resul ts  a r e  p re -  
sented for  the region of the fluid domain in which the bed deformation 
occurs ;  both the two-dimensional (2-D) and three-dimensional (3 -13) 
models of wave generation which were described in  Chapter 3 a r e  
examined. The region of the fluid domain in  which the bed movemjent 
occurs  i s  termed the generation region and i s  given by Ix 1 S b and 
r 2 r for  the two and three-dimensional models ,  respectively.  In 
0 
the discussion of the two -dimensional model, theoretical and expel-i- 
mental  resu l t s  a r e  presented for  the maximum amplitudes and charac-  
te r i s t ic  periods of the generated waves a s  well1 a s  the detailed wav~e 
s t ruc ture  a t  different locations in  the region of generation. Possible 
energy dissipation mechanisms present  in  the experimental measure -  
ments  for the 2-D model a r e  also briefly discussed.  Section 5. 1 i s  
concluded with a presentation of the theoretical resu l t s  for the maximum 
wave amplitudes and the general wave s t ruc ture  in  the generation region 
of the 3-D model. 
In Section 5 . 2  theoretical and experimental resu l t s  a r e  prelsented 
for  wave propagation in  the two-tlimensional model which occurs  outside 
the region of generation. The fluid domain outside the region of gener-  
ation, i. e .  , Ix 1 > b, i s  termed the downstream region. Wave propa- 
gation in  this region i s  investigated by both the l inear  theory developed 
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i n  Chapter 3 and the nonlinear description of wave motion based on the 
KdV equation which was also discussed in  Chapter 3. The effects (of 
energy dissipation that occur in  the downstreaim region of the experi-  
mental model a r e  also discussed. 
Experimental wave profiles a r e  presented in  Section 5 .3  which 
resu l t  when an oscillating motion is superposed on the half-sine bed 
displacement. Changes in  the wave profiles caused by varying both 
the frequency and amplitude of the oscillating motion a r e  investigated. 
This chapter i s  concluded in  Section 5 . 4  with a discussion of the 
pract ical  application of the theoretical and experimental resu l t s  to the 
Alaskan earthquake of 2 7  March 1964. Character is  t ic values of 
appropriate generation pa ramete r s  a r e  found f o r  the tectonic deform- 
ations occurr ing during this disastrous earthquake; f r o m  these vallues 
cer tain features  of the resulting tsunami a r e  inferred.  
5 . 1  THE GENERATION REGION 
For  the two and three-dimensional models the generation region 
i s  defined a s  the region of fluid extending over the moving bed section 
which i s  given by 1x1 2 b and r ' r o ,  respectively.  There a r e  two 
positions in  the generation region of the two-dimensional model which 
have been investigated both experimentally and theoretically; these 
positions are:  x / h  = 0, which will be r e fe r red  to a s  the backwall, and 
x / b  = b/h te rmed the leading edge (or  the 1ea.ding edge of the disturb- 
ance).  In the experiments the plane x = 0 corresponds to the ups t ream 
l imi t  of both the wave generator and the wave tank. The positions 
corresponding to x / h  = 0 and x /h  = b/h in the three-dimensiorial 
model a r e  r / h  = 0 and r / h  = r /h;  wave s t ruc ture  at  these positions 
0 
has  only been investigated theoretically. 
The range of the generation pa ramete r s  (Co/h, b/h, and t 21-) 
C 
for which experiments have been conducted fo r  the exponential and half- 
sine bed displacements were presented in Chapter 4. These generation 
pa ramete r s  will be refer red  to in  this chapter as:  
5 /h  disturbance-amplitude scale ,  
0 
b/h r disturbance- s ize scale ,  
t disturbance-time scale .  
C 
(The ratio of the disturbance-time scale to the disturbance-size scale 
will hereafter  be r e fe r red  to a s  the t ime-s ize  r a t io . )  It should be 
recalled that the character is t ic  t ime, tc7 for the exponential bed dis-  
placement i s  the t ime required for two-thirds of the movement to occur,  
i. e .  , t = t when S / C o  = 2 1 3 .  For  the half-sine bed displacement the 
C 
total t ime of movement, T, i s  taken as  the character is t ic  t ime. 
5. 1. I Maximum Wave Amplitudes in the Generation Region. 
One of the m o r e  important character is t ics  of the waves 
generated by a moving boundary is the maximum water surface elevation 
reached by the wave a t  a particular location. The maximum am.plitude 
of the leading wave generated by the exponential and half-sine bed dis-  
placements will be refer red  to here in  a s  q . (Other character is t ics  of 
0 
the generated waves, e .  g. , wave profiles and periods, will be discussed 
in Sections 5. 1 . 2  and 5.1.3,  respectively. ) 
Experimental and theoretical resu l t s  for  the variation of the 
rat io  of the maximum wave amplitude to the maximum bed displace- 
ment ,  i. e. , qO/CO, a s  a function of the t ime-s ize  rat io ,  t , a t  
C 
the backwall (x /h  = 0 )  a r e  shown in  Fig. 5.1 for  the exponential bed 
displacement. (Recall  that the t ime-s ize  rat io ,  t m / b ,  was found in 
C 
Section 3.2.1 to be important a s  an indicator of the type of wave which 
i s  generated. ) In Fig. 5.1 the data a r e  presented separately for  each 
disturbance- s ize scale;  hence, changes in the relative wave amplitude, 
qo / c o p  a r e  the r e su l t  of changes in  only the disturbance - t ime sca le ,  
t c m .  In Fig. 5. 1 hollow c i rc les  a r e  used to indicate experiments 
i n  which the bed displacement i s  positive ( 5  > 0)  while solid c i rc les  
0 
correspond to experiments for  negative bed displacements ( 5  < 0).  
0 
The symbols have also been identified to indicate the absolute value of 
the disturbance-amplitude sca le ,  1 Co/h 1 ,  of the bed movement; the 
symbols and the corresponding amplitude sca le  a r e  shown in the legend 
of Fig. 5. 1. The ar rows which a r e  adjacent to cer tain data points 
indicate experiments for  which lhe smal le r  bed unit, b = 30. 5 cm, was 
used; for  a l l  other experiments the length of the bed unit was 61 cm. 
The curves for  each disturbance-size sca le  indicate the theo- 
ret ical  values of the maximum wave amplitude which were found by 
numerically integrating Eq. (3.67). In the numerical  integration the 
integral  of Eq. (3.67) rapidly converged so  that the computation c~ould 
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be terminated quickly. The variation of the inkegrand a s  a functio~i of 
the integration variable,  i. e.  , the quantity X = kh, was used to de ter -  
mine the l imits  of the integration such that an accurate  approximation 
to the integral was obtained. All computationt: were performed on an 
IBM 360/75 o r  370/155 high-speed digital corr~puter. 
Examination of the resul ts  in  Fig. 5 .1 for  each disturbance- 
s ize  scale  shows that the l inear  theory accurately predicts the relative 
wave amplitude for  both positive and negative bed motions and for the 
full  range of the generation parameters  which were investigated. In 
the discussion of Chapter 3 regarding nonlinear effects occurring 
during a bed movement, i t  was suggested that the l inear  theory was 
only applicable over the full range of disturbance-amplitude scales ,  
i. e. , 0 < 1 5 /h 1 S 1,  when the t ime - size rat io  was much greater  than 
0 
unity. F o r  bed movements which occurred so rapidly that the t ime-size 
rat io  was much l e s s  than unity, the analysis in Chapter 3 indicated that 
the l inear  theory was applicable only for  smal.1 disturbance - amplitude 
sca les ,  i. e., 1 c0/h < < 1. Surprisingly, the l inear  theory shown in 
Fig. 5 .1  appears to accurately predict the relative wave amplitude, 
q0 / a t  the backwall for  the full range of amplitude scales  even when 
the t ime-size ratio i s  much l e s s  than unity. This behavior i s  dernon- 
s t rated best by the data for the l a rges t  s ize scale  studied, i. e. , 
b/h = 12.2, where data with disturbance-amplitude sca les  up to 50.5 
appear near t c m / b  = 1 0 - l .  
Fig. 5 . 1  clear ly shows the variation of the relative wave height ,  
, a s  a function of the time scale ,  t ,  for  a constant disturb- 
ance-size scale .  Consider again the resul ts  for the la rges t  s ize  scale ,  
i. e.  , b/h = 12.2,  where the m.aximum wave amplitude becomes 
essentially equal to the total bed displacement, i. e .  , 
TO /Lo * 1,  for a 
t ime scale such that the t ime-s ize  ratio i s  l e s s  than 10- l .  As the time 
sca le  inc reases  (or  equivalently, a s  the t ime-  s i ze  rat io  inc reases )  the 
relative wave height decreases  until the theoretical curve approaches a 
slope of minus unity on the log-log representation for very la rge  values 
of t &/b; hence, / becomes inversely proportional to the tirne- 
C 
s ize  rat io  a s  t ,,/gh/b becomes la rge .  This behavior was suggested 
C 
previously in  Chapter 3 where i.t was found that the characteristic: wave 
amplitude for  bed movements such that tca/b > > 1 was inversely 
proportional to the parameter ,  t &/b, now termed the t ime-size 
C 
ra t io .  The resu l t s  for the sma l l e r  dis turbance-size sca les  show:n in 
Fig. 5 .1 shows the same general  behavior as that for  b /h  = 12.2:. 
However, the asymptotic value of q /C approached by the theoretical 
0 0 
curves for  the sma l l e r  s ize  sca les  (e.  g . ,  b/h = 1.22)  when the t ime- 
s ize  rat io  becomes very smal l  i s  now l e s s  than unity. More discussion 
of this behavior for small  s ize sca les  will be given shortly. 
F o r  the two dis turbance-size scales:  b /h  = 1.22 and 6. 10, 
data  a r e  shown i n  Fig. 5 .1 for  which two different bed unit lengths, b, 
were used. No difference i n  the relative wave amplitude, qO/Co, i s  
apparent f r o m  the data  regard less  of the 'bed unit length a s  long a.s b/h 
remains  constant; hence, the dis turbance-size sca le  appears to be a 
proper  scaling parameter  fo r  characterizing the wave generation 
process .  
In Chapter 3 bed movements which occurred so rapidly that the 
water surface nearly followed the bed deformation were described a s  
impulsive. Thus for the l a rges t  s ize  scale  in  Fig.  5 .1,  i .e.  , b/h = 12.2,  
the region of the t ime- s ize rat io  for  which the maximum wave amplitude 
1 
equals the bed displacement,  i. e . ,  t  &/b < 10- , may be termed the 
C 
impulsive region of generation. F o r  the sma l l e r  disturbance-size 
sca les  in  which the maximum wave amplitude, r( never becomes equal 0 ' 
to the total bed displacement, go, a region does exis t  in  which the rat io  
/ becomes constant, i. e .  , / i s  independent of the t ime-size 
ratio;  this region will hereaf ter  be r e fe r red  to a s  the impulsive reigion 
of generation. The region which corresponds to t ime-s ize  rat ios  much 
grea ter  than unity fo r  which the relative wave amplitude, qo/Co, 
becomes inversely proportional to the t ime - s i ze  rat io  will be re fer red  
to a s  the creeping region of wave generation a s  suggested previously 
in  Chapter 3 .  (The word "creeping" i s  adopted due to i t s  general use  
i n  seismology to descr ibe slow adjustments along faults occurr ing af ter  
a major  earthquake. ) The range of t ime-size ra t ios  between the 
impulsive and creeping regions will be r e fe r red  to a s  the transitiosn 
zone of generation. 
Fig.  5 . 2  shows the variation of the relative wave amplitude, 
,  a s  a function of the t ime-s ize  rat io ,  t b ,  a t  the backwall 
C 
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f o r  the case  of the half-sine bed displacement.  The notation used i s  
the s a m e  a s  that shown in  Fig. 5.1 and i s  described again in  the legend 
of Fig. 5 .2.  The theoretical curves for each s i ze  scale  have been 
computed f r o m  Eq. (3.68). Again the l inear  theory appears  to accur - 
ately predict  the relative wave amplitude for  all of the t ime sca les ,  
t a, amplitude sca les ,  Co/h, and s ize  sca les ,  b/h, which have been 
C 
investigated. The general behavior of the resu l t s  shown i n  Fig. 5.2 i s  
the same  a s  that observed fo r  the data presented i n  Fig. 5 .1 for  the 
exponential bed displacement. As the disturbance- t ime scale  decreases  
for  a constant s ize sca le ,  a maximum wave amplitude i s  reached which 
then remains  constant with fur ther  reductions of the t ime scale.  For  
two s i ze  scales:  b/h = 6.10 and 12.2, the maximum wave amplitude, 
qo9 i s  equal to the total bed displacement, co. Smaller  relative wave 
amplitudes a r e  reached i n  the i.mpulsive regions of the other disturbance- 
s ize  scales:  b/h = 0.61, 1.22, and 2.03. (This behavior will b~e 
discussed shortly.  ) Upon l e a h n g  the impulsive region of generaition for  
any s ize  s cale , the relative wave amplitude quickly becomes inver s ely 
proportional to the t ime-size ratio;  the transit ion region for  each s ize 
sca le  shown i n  Fig.  5.2 i s  smal le r  i n  extent than the corresponding 
region for  the exponential bed displacement shown in  Fig. 5. 1. 
Data a r e  also shown in  Fig. 5.2 fo r  the dis turbance-size scales  
b /h  = 1.22 and 6. 10 i n  which the sma l l e r  bed unit length (b=30.5 cm)  
was used. The agreement  of these data with that f o r  the l a r g e r  bed unit 
again indicates that b / h  i s  a proper  scaling parameter  for the wave 
generation process .  
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The theoretical curves a t  the backwall a r e  shown for all  s ize 
sca les  in Fig. 5 .3 fo r  both the exponential (Fig. 5 .3a)  and the half -sine 
bed displacement (Fig. 5.3b). In addition to the five s ize scales  for 
which experiments have been conducted, a theoretical curve has also 
been computed for  b/h = 100. Only a smal l  difference in relative 
wave amplitude, %/So,  is observed fo r  the exponential bed displace- 
ment  between the curves for b / h  = 12.2 and b/h = 100. This slight 
difference occurs  only in the transition region of generation as  the! two 
curves a r e  coincident in  the impulsive and creeping regions. For  the 
half-sine bed displacement the theoretical curves for b/h = 12.2 isnd 
b /h  = 100 a r e  coincident for all  time-size rat ios .  This lack of depend- 
ence of the relative wave amplitude on the s ize scale  a t  x / h  = 0 for 
l a rge  values of b/h ( e .  g. , b/h > 12.2) i s  important in  the applica~tion 
of these data to practical problems. 
It can be seen  f rom Fig. 5 .3a and Fig. 5.3b that the theoretical 
curves for qO/C0 collapse into a single curve when the creeping region 
of generation i s  reached for each disturbance-size scale.  As the s ize 
scale  decreases ,  the magnitude of the t ime-size ratio required before 
the creeping region i s  reached also increases .  This behavior i s  c:on- 
s is tent  between the theoretical resul ts  for the exponential and half-sine 
bed displacements. Fig. 5.3a and Fig. 5.3b also show that a s  the! 
impulsive region i s  reached for each disturbance-size scale ,  the maxi- 
m u m  value of q /C that i s  achieved in this region decreases  a s  the 
0 0 
s ize scale decreases ;  a discussion of this behavior w i l l  be given 
shortly. 
Fig.  5 . 3  Theoret ical  variation of re la t ive maximum wave amplitude, 
with the t ime-s ize  ra t io ,  t m / b ,  a t  x / h  = 0; C 
a )  exponential bed motion, b) half-sine bed motion. 
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The second position of in t e res t  i n  the generation region i s  the 
leading edge of the moving bed section, i . e . ,  x = b o r  x / h  = b/h. 
Experimental and theoretical resu l t s  for  the variation of the relative 
wave amplitude, T I ~ / C ~ ,  a s a lunction of the t ime - size rat io ,  t , m / b ,  
C 
when the bed moves in  an exponential manner  a r e  shown in  Fig. 5 .4 .  
Again the resu l t s  for  each s ize scale  a r e  shown separately so  that 
changes in  the t ime-size rat io  (plotted a s  the absc issa)  only represent  
changes in  the disturbance-time scale .  The notation used in  Fig. 5 .4  
i s  the s a m e  a s  used previously and i s  again noted in the legend of the 
figure.  
Before discussing the agreement  between theory and experiment,  
i t  i s  m o r e  convenient to look a t  the general  behavior of "q / C  that i s  
0 0 
predicted by the l inear  theory. F o r  the l a rges t  s i ze  sca le ,  b/h = 12.2, 
the maximum wave amplitude a t  the leading edge of the bed section, To ? 
becomes equal to one-half the total bed displacement,  C,, a s  the t ime 
scale  becomes smal l ,  i. e .  , in  the impulsiv~e region of generation. 
This is the s a m e  value as predicted by the dam-break analogy i n  
Chapter 3 for  smal l  init ial  differences i n  the water level between the 
r e se rvo i r  and the downstream region. (Recall  that the initial difference 
in  water levels i n  the dam-break problem is analogous to the disturb- 
ance-amplitude scale  i n  the problem now under discussion.)  As the 
disturbance-time sca le  i s  increased for  b / h  = 12 .2  the relative wave 
amplitude decreases  and approaches a slope of minus unity on the log- 
log representat ion again indicating that the relative wave amplitude i s  

inversely proportional to the t ime scale.  This s a m e  general behavior 
i s  found for the other s ize sca les  shown except f o r  the smallest ,  e -  
b/h = 0.61, where the maximum wave amplitude reached in  the ini-  
pulsive region of generation i s  l e s s  than one-half the total bed dis-. 
placement. (Again, an explanation of this behavior will be given 
shortly. ) 
The agreement  between theory and experiment  in  Fig.  5 .4  i s  no 
longer a s  good for  the l a r g e r  disturbance-size sca les ,  i. e.  , b/h = 6.10 
and 12.2, a s  was observed a t  the backwall. The data for  these s ize  
sca les  in  Fig. 5 . 4  indicate that qo/Co i s  consistently l e s s  than the 
value predicted by the l inear  theory in  the transit ion and impulsive 
regions of generation for positive bed displacements (hollow c i rc les )  
with amplitude sca les  grea ter  than 0.2.  The l a rge r  the disturbance- 
amplitude scale ,  the m o r e  the l inear  theory deviates f r o m  the experi-  
mental  resu l t s .  Near t &/b = 0.4 for b/h = 12.2 the l inear  theory 
C 
predicts a relative wave amplitude, q0/5,. approximately twice a s  
l a rge  a s  that observed experimentally when the amplitude scale  
approaches unity. A s imi lar  finite-amplitude effect was suggested by 
the dam-break analogy in  Chapter 3 where the amplitude of the generated 
bore,  qo, relative to the init ial  difference i n  water levels ( termed 5 ) 0 
decreased a s  5 increased for  a fixed downstream water depth. When 
0 
the init ial  difference in  water levels  was equal to the downstream water 
depth, a decrease  i n  the relative bore amplitude, ?70/50, of approxi- 
mately 6% was calculated. The much s tronger  nonlinear effect evident 
f r o m  the data in  Fig. 5 .4  f o r  positive bed movements i n  the impulsive 
region of generation f o r  b/h = '12.2 i s  probably due to the presenlce of 
the l a rge  s tep in  the channel at  the end of the impulsive bed movement. 
No step i s  present  i n  the bed profile for  the dam-break problem; hence, 
the analogy with the waves generated by the bed movement no longer 
exists. When an impulsive movement of the bed unit occurs  such that 
CO/h i s  of o rde r  unity, the flow of water near x / h  = b/h m o r e  closely 
resembles  flow over a broad-crested weir a s  i t  spil ls  out of the 
generation region into the downstream domain of fluid. I t  should be 
noted that a s  the t ime sca le ,  t m, dec reases  i n  the impulsive region 
C 
of generation for  b/h = 12.2,  the difference between the predicted and 
the measured  values of maximum amplitudes for  positive bed move- 
ments  of l a r g e  amplitude appears  to decrease ;  this is indeed the case  
and i s  due to a ma jo r  change in  the general wave profile which occurs .  
(This behavior will be discussed in  Section 5.1.2. ) 
F o r  b/h = 6.10 and 12.2 the relative wave amplitude, Q ~ , / C ~ ,  
for  negative bed displacements inc reases  in  the impulsive and transition 
regions a s  the absolute value of the disturbance-amplitude sca le  
becomes grea ter  than 0.2; however, this finite-amplitude effect of the 
bed movement i s  not a s  pronounced a s  observed for  positive bed d is -  
placements.  It can be seen f r o m  the data  for  b /h  = 12.2 that when 
0.5 5 15 /h\ 1 the measured  relative wave amplitude i s  only 20% 
0 
l a r g e r  than that predicted by the l inear  theory. As the t ime scale  
becomes very small ,  these data for  negative bed movements do riot 
appear to approach the l inear  theory a s  indicated by the data for  
positive bed displacements.  
The l inear  theory agrees  well with the data shown in Fig. 5.4 
over the full range of the t ime-size rat io  investigated fo r  b/h = 6.10 
and 12.2, when the disturbance-amplitude scale  i s  l e s s  than 0 .2 .  For  
the smal ler  s ize scales:  b/h = 0.61, 1.22, and 2.03, the l inear  
theory agrees  well with all  the data shown. It  should be noted that for 
these smal ler  disturbance-size scales ,  no amplitude scale  greater  
than 0 .2  could be used in  any experiments.  
F r o m  Fig. 5 .4  it can be seen that in  the creeping region of 
generation the data agree  well with the l inear  theory for each disturb- 
ance- s ize scale  regardless  of the amplitude scale  of the bed movernent. 
This behavior for creeping bed movements was suggested previously 
in  Chapter 3 .  
F o r  the s i ze  scales:  b/h = 1.22 and 6. 10, experiments a r e  
indicated for  which the smaller  bed unit length (b = 30.5 cm)  was 
used. No differences between these data and the data for the l a rge r  bed 
unit a r e  observed; hence, b/h does appear to be a proper generiation 
parameter .  
Fig. 5.5 shows the experimental and theoretical resul ts  for the 
relative wave amplitude, %/So, a s  a function of the t ime-size ratio,  
t m l b ,  a t  x / h  = b/h when the bed moves in a half-sine manner.  The C 
notation i s  the same  a s  used previously and is again noted in the legend 
of Fig. 5.5. As for  the exponential bed displacement, the l inear  t'heory 
accurately predicts qO/CO for  all  t ime-size rat ios  and disturbance- 
s ize scales  when the absolute value of the disturbance-amplitude scale  

i s  l e s s  than 0.2.  F o r  1c0/h 1 > 0.2 the same  nonlinear behavior of the 
relative wave ,amplitude i n  the impulsive and transit ion regions for  
b /h  = 6.10 and 12.2 i s  observed a s  was discussed previously for the 
exponential bed displacement i n  Fig. 5.4. In the creeping region of 
each s ize sca le ,  the l inear  theory ag rees  we111 with the data over the 
full range of ,amplitude sca les  . 
Fig. 5.6, and Fig.  5 .6b show the theoretical resu l t s  for the 
relative wave amplitude a s  a function of the t ime-s ize  rat io  for  the 
exponential and half - sine bed displacements,  respectively.  In addition 
to the five disturbance-size sca les  discussed previously, a theoretical 
curve has  been computed for b/h = 100 for  leach time-displacement 
his tory of the lbed unit. The curves for  b / h  = 100 predict  a slightly 
l a rge r  relative wave amplitude i n  the t ransi t ion region of generation 
than that predicted f o r  the sma l l e r  s ize  sca le ,  b/h = 12.2. The 
theoretical curves for  these two size sca les  (are coincident i n  the 
impulsive region of generation where the relat ive wave amplitude 
becomes constant a t  a value of 0.5 and in  the creeping region where 
qo/co i s  inversely proportional to the t ime-s ize  ratio.  In Fig. 5.6a. 
and Fig.  5.61) the relative wave amplitude, qo/Co, appears  to become 
independent of the dis turbance-size scale  for  s ize  sca les  grea ter  tha.n 
b / h  = 12.2; this behavior was also observed for  the relative wave 
amplitude measurements  at  the backwall ( see  Fig.  5.3).  
F o r  the smal le r  dis turbance-size sca le s  in Fig. 5.6a and 5.6b, 
the maximum value of the relative wave amplitude, , reached in  
the impulsive region of generation i s  l e s s  than 0.5.  A s imilar  
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Fig. 5 . 6  Theo retical variation of relative m a i x  mum wave amplitude, 
71o/Co, with the time'size ratio,  t d g h / b ,  a t  x/lh = b/h; 
a)  exponential bed motion, b) half-sine bed motion, 
behavior was also exhibited by q / C O  for the smal ler  s ize scales  in the 
0 
impulsive region of generation a t  the backwall ( see  Fig. 5.3a and 5.3b). 
The decrease  in the maximum wave amplitucle that can be reached in 
the generation region for smal l  s ize scales  i s  a resul t  of the elliptic 
nature of the part ia l  differential equation, v;" = 0, governing the 
response of the fluid medium to the impulsive boundary condition. In 
order  to understand this "elliptic behavior" of the fluid medium, i t  i s  
useful to f i r s t  discuss an analogous problem f r o m  the theory of elaslti- 
city where elli.ptic equations a r e  also found to describe the response of 
an elast ic  solid to a sys tem of applied forces.  
Consider an elast ic  solid which i s  experiencing a complex 
sys tem of forces over a section of i t s  boundary of length, L-2, whose 
resultant force i s  zero.  Saint-Venant's principle (which i s  used exten- 
sively in  the study of the elast ic  behavior of solids) s tates  that the 
s t ra ins  produ.ced by the sys tem of forces  a r e  negligible at  distances 
f r o m  the force  sys tem which a r e  la rge  compared to (see ,  e .  g. , F'ung, 
1965). Hence, thle complex sys tem of forces  may  be replaced by any 
other sys tem which i s  statically equivalent in  order  to determine the: 
behavior of the solid at  distances f r o m  the force  sys tem which a r e  
l a rge  compared to (2. 
Saint-Venant's principle may also be applied to the current  pro-  
blem since the governing equations a r e  elliptic. Hence, the response of 
the fluid at  distances much grea ter  than 2b (the disturbance length) from 
the impulsive bou:ndary deformation would not be expected to behave 
differently during any impulsive boundary de.Eormation in which the 
same  amount of water volume i s  displaced. (Requiring the deformations 
to displace the same  total water volume i s  analogous to requiring the 
force  sys  tems on the elas  tic solid to be statilcally equivalent. ) When the 
water depth is  such that h > > 2b then the water sur face  over the 
impulsively nioving bed i s  included in  this pa r t  of the fluid domain and 
would no longer be expected to resemble  the deformed bed a t  the end of 
the deformation. 
The ejffect of this elliptic behavior on the wave amplitudes a t  
x / h  = 0 and :rz/h := b/h a t  the end of the impulsive bed displacement i s  
shown in Fig. 5 .7  where the maximum wave ;smplitude, 7 / $  i s  
0 0 '  
shown a s  a function of the disturbance-size sca le ,  b/h.  The curves 
shown have been c:omputed by the l inear  theory for  both half-sine and 
exponential bled displacements when the t ime-s ize  rat io  was l e s s  tha.n 
1 o - ~ .  The same  curves resu l t  independent of the time -displacement: 
his tory of the bed movement as  would be anticipated for impulsive bed 
displacements.  
The maximum wave amplitude, q 7  a t  the position x / h  = 0 
becomes equal to the total bed displacement for  a l l  disturbance-size 
sca les  grea ter  than about four.  As the s ize  {scale becomes l e s s  than. 
four the relative wave amplitude, q0/CO7 dec reases  f r o m  unity until 
i t  becomes direct ly  proportional to the s ize scale  for  b/h e 0 .  1,  i. e .  : 
~ ~ 1 5 ,  = b/h  for  b/h < 0.1 .  (5.1)  

(The constant of proportionality can be seen f r o m  Fig. 5 . 7  to be equal 
to unity. ) 
The m.axirrium wave amplitude, q occurr ing a t  the edge of the 
0 ' 
moving bed sc.ctio:n, i. e . ,  x / h  = b/h, i s  equal to one-half the total bed 
displacement for  all  disturbance - s ize  sca les  grea ter  than approxi- 
mately two. The maximum wave amplitude then decreases  a s  the s ize 
scale  decreases  until, near  b /h  = 0. 1 ,  the wave amplitude a t  the 
leading edge becomes equal to the wave amplitude a t  the center of the 
deformed bed section (x /h  = 0).  These amplitudes remain  equal for 
sma l l e r  s ize sca les ;  hence, the relative wave amplitudes a t  x / h  = kb/h 
i s  also given by Eiq. (5 .1)  for  b /h  0. 1, 
Eq. (5.  1 )  may also be written as :  
where q b represents  the amount of the displaced water volume remain-  0 
ing in  the generation region during the impu1:;ive bed displacement and 
cob i s  equal t;o the displaced water volume. Hence, for  the disturbance- 
s ize sca les  1e:ss than 0 .  1 mos t  of the displaced water volume i s  already 
in  the downstlream~ region a t  the end of the impulsive bed displacement. 
Still another f o r m  of Eq. (5.1 ) is: 
which appear!; to indicate that the displaced water volume i s  contained 
in  a region alt the end of the impulsive bed movement which resemblles 
a semi-circular-cyl indrical  shell  of radius h, a thickness and unit 
0 ' 
width. 
It i s  interesting to note that Sokolnikoff ( 1946, p. 90) in  his 
t rea t i se  on ellasticzity s ta tes  that i t  i s  commonly assumed in  probllems 
regarding be i~ms  that Saint- Venant's principle becomes applicable a t  
a distance of approximately five t imes the charac ter i s t ic  length of the 
applied force system. In the present  problem the water surface dirlectly 
over the d is turba~ice  i s  a t  a distance of five t imes  the disturbancie length 
(2b) when b/11 = 0. 1. This i s  indeed the l a rges t  disturbance-size slcale 
for  which the water surface behavior in  the generation region becomes 
independent of location. 
In summary,  i t  appears that the l inear  theory developed in  
Chapter 3 fo r  the two-dimensional model predicts reasonably well the 
relative wave amplitude, ,  in the generation region. Major 
differences between the l inear  theory and experiments appear to be 
l imited pr imar i ly  to the impulsive and transit ional region of generat.ion 
f o r  l a rge  disturbance-amplitude sca les ,  i. e .  , I cO /h  I > 0.2. In the 
creeping region of generation the l inear  theory agrees  well with iexp~eri- 
ments  over the full  range of amplitude sca les ,  i. e .  , 0 15 /h 1 S 1. 
0 
5. 1.2 Wa.ve Profi les  in the Generatiion Region. 
- -
In the previous section only one character is t ic  of the 
waves in  the generation region was discusse~d,  i. e . ,  the maximum 
amplitude , To !of t:he leading wave. In genera.1 the l inear  theory was 
found to predict this amplitude well. A m o r e  complete confirmation of 
the l inear  theory in  the region of generation requi res  a detailed com- 
parison between theory and experiment of the ent i re  wave profile; such 
a comparison will be made in this subsection. 
In the ~disc~zssion of maximum wave amplitudes i t  was found that 
the bed displacements for a specific s ize scale  could be conveniently 
divided into three  regions of generation according to the magnitude 04' 
the t ime-size ratio,  t Jgh/b. An impulsive region of generation was 
C 
said to exist  when the maximum wave amplitude remained constant for  
a decreasing time-size rat io;  a creeping region was defined for larger 
t &/b when t.he wave amplitude became inversely proportional to the 
C 
t ime-size ratio and independent of b/h; and a. zone of transition was 
defined between thle impulsive and creeping regions. Since the wave 
s t ruc ture  i s  s imi lar  within each of these three regions, a convenient 
method for determining the accuracy of the l inear  theory in predicting 
the wave s tructure i s  to examine in detail typical wave profiles i n  each 
region. 
Typical theoretical and experimental wave profiles which occur 
in  each region of generation for  exponential bed displacements a r e  
shown in  Fig. 5 .8  where the normalized wave amplitude, q/co,  i s  
shown as  a function of the nondimensional tim.e, 
. 
The size sca,le 
for  each wave profile shown i s  b/h = 12.2 ;  recorded and computed 
wave profiles a r e  shown at  the backwall (x/h = 0 )  and at  the leading 
Fig. 5 .8  Typical wave profiles in ea.ch region of generation at 
x /h  = 0 and x /h  = b/h generated by exponential bed 
displacements.  
edge of the disturbance (x lh  = b/h) .  (The generation parameters  for 
each profile a r e  indicated in the figure. Note that an amplitude scale:, 
CO/h, for  which the l inear  theory should be applicable has been chosen 
in each region.. ) Elxperirnental curves a r e  shown dashed in Fig. 5.8 
while theoretical curves a r e  shown a s  solid 1i.nes. 
In the irnpulsive region the water surface at both the backwall 
and the leading edge of the disturbance rapidly r i s e s  to an amplitude of 
Co and 5 12, respectively. The wave amplitude then remains constant 
0 
for  a limited interval of t ime after which the water surface rapidly 
decreases  to the sti l l  water level(a1so refer red  to a s  SWL)and then 
oscillates in  a damped manner about this mean level. The amplitude of 
each oscillation i s  smal l  compared with the amplitude of the leading 
wave. The experimental profiles and the l inear  theory in Fig. 5 .8 
ag ree  well at both the backwall and the Beading edge except for the 
trailing portion of the leading wave. The time required for the leading 
wave to r i s e  a.nd then re turn  to the SWL (hereaf ter  re fer red  to a s  the 
nodal t ime) appears to be somewhat l a r g e r  in  the experiments than in 
the computed profiles. This behavior of the experimental and the 
theoretical profiles was consistent for  al l  runs in  which the disturbance- 
amplitude scale  was smal l ,  i . e . ,  Co/h < 0 . 2 ,  and the disturbance- s ize 
scale ,  b/h,  was equal to 12.2. As b/h decreased,  the l inear  theory 
agreed m o r e  closely with the experimental profiles.  (Nodal t imes of 
the wave profj.les will be discussed in  the following section (Section 
5 .1 .3 ) . )  
The waves a t  the backwall and a t  tlhe 1,eading edge in the t r ans -  
ition region shown in Fig. 5 . 8  r i s e  at  a slower r a t e  than those in the 
impulsive region a.nd reach  a maximum amplitude which i s  l e s s  than 
50 and 5 / 2 ,  respectively. Immediately upo:n reaching this maximuzn 0 
amplitude, the water elevation begins to decrease  toward the SWL,. 'The 
r a t e  of fall  decreases  before reaching the stil.1 water level and slight 
oscillations occur;  these oscillations do not a.ppear to go below the S'WL. 
In this region the theoretical and experimenta.1 profiles agree  well over 
the ent i re  wave signature. 
In the creeping region of generation the waves at both the back- 
wall and leading edge slowly r i s e  to a maximum amplitude and then 
fall  very slowly back toward the SWL. (Note the cha.nge in  absc issa  
and ordinate scales  f o r  this profile.)  The ra t e  of fall i s  so slow that the 
profile resembles a bore. The theoretical profiles agree well in  shape 
with the experimental waves but fai l  to reach  the same amplitudes; 
maximum experimental wave amplitudes a r e  on the order  of 10% 
higher than the computed amplitudes. Dimensional wave heights for  
this experiment were l e s s  than 2 m m ;  hence, a 10% e r r o r  in measure -  
ment  i s  within the normal e r r o r  expected for  measurements  with a 
resis tance wave gage (see  Section 4 .4 )  for waves of this amplitude. 
Typical experimental and theoretical profiles for waves gener - 
ated by a. half-sine bed.  displacement in  each of the three regions of 
generation a r e  sholwn in  Fig. 5 . 9  where II/I: i s  again shown as  a 
0 
function of fiz. Wave profiles for  both a positive and negative bed 
HAL.F-SINE DISPLACEMENT 
Fig. 5 . 9  Typical wave profiles i n  each region of generat ion a t  
x/h = 0 and x /h  = b / h  generated by half-sine bed 
displacements .  
displacement a r e  shown i n  each region and the dis tur bance-size scale: 
i s  varied among th.e regions. F o r  the negative bed displacements the 
generation pai:ameters a r e  the same  a s  for the corresponding positive 
cases .  (Recall that the l inear  theory predicts that a negative 'bed d is -  
placement wi1:l generate  a wave which i s  the rn i r ro r  image of the wave 
created by a positive bed displacement. ) 
In the irnpulsive region of generation the experimental and 
theoretical profiles for  the negative displacement ( c O  0)  agree  well 
i n  detailed stru.cture a t  both the backwall and leading edge. The agree-  
ment  between t'he theoretical and experimental wave profiles generated 
by a positive bed displacement does not appea-r to be quite as  good a t  
e i ther  position. A.t the backwall the measured  wave profile reaches an 
amplitude grea ter  than the total bed displacement.  This behavior of the 
measured  profile rnay be caused by observed leakage of a i r  around the 
sea l  of the mc~veable bed unit during very fast; bed displacements.  This 
leakage could cause the measured  water surface to exceed the theoret-  
ica l  amplitude, 
0 , 
and possibly oscil late a s  shown by the experimeintal 
profile for  srn~a.11 nondimensional t imes. (The entrainment of a i r  due 
to leakage around the sea l  will be discussed in m o r e  detail shortly. ) As 
for  the exponential1 case  in  the impulsive region, the nodal t imes of the 
leading wave i'or the experimental wave profiles a r e  grea ter  than those 
predicted by the l inear  theory. In the transit ion and creeping  region,^ 
of generation, both the positive and negative wave profiles of the l inear  
theory agree  well with the experimental wave profiles in  detailed 
s t ruc ture .  
Comparisoln of the waves for  each region between Fig. 5 .8  for  
the exponenti;%l bed displacement and Fig. 5 .9  for the half -sine bed 
displacement sholws that, in  general,  the wave profiles in  the impul- 
sive and transition regions of generation a r e  s imi lar  while the wave 
profiles a r e  quite different in  the creeping region of generation. For  
the exponential bed displacement a wave resembling a bore i s  generaked 
in  the creeping region of generation while the wave generated by the 
half - s ine  bed displacement i s  much m o r e  symmetrical  and has a finite 
nodal t ime. 
Eqs.  (3.67) and (3.68) demonstrated that s imilar  wave profiles 
resul t  when the generation parameters  b/h  and t remain constant, 
C 
regardless  of the individual values of b, h ,  tc,  and g. This suggested 
behavior could be investigated experimentally by using the two bed units 
of different lengths and varying the generation character is  tics such that 
the nondimensional generation parameters  remained constant. Fig. 
5.10 shows a sequence of measured wave profiles for both an exponent- 
i a l  and half - sine bed displacement for  bed lengths, b, of 30.5 c m  artd 
61 cm. The wave amplitude, q, has been normalized by the total bed 
displacement,  go, and shown a s  a function of the nondimellsional t ime 
- (x-b)/h.  Since the wave motion a t  both x / h  = 0 and x /h  = b/h 
begins a t  t = 0, the wave profile a t  the backwall must  begin at the 
absc issa  value of b/h. In addition to these two positions in the gener - 
ation region, threte wave measurements  a r e  also shown in  the down- 
s t r e a m  region. For  the half-sine bed displacement the downstream 
EXPONENTIAL DISPLACEMENT HALIr- SINE DISPLACEMENT 
1- 
x /h=  b/h + I80 
--20 0 20 40 60 80 -10 0 10 20 30 40 50 
t,'g6 - (x-b) /h 
'11483 
Fig .  5.10 Wave prof i les  generated by the  exponential and half -s ine  
bed displacements  when the generat ion p a r a m e t e r s  fo r  
each  motion a r e  held constant artd the absolute bed s i ze  
i s  var ied.  
locations a r e  a t  10, 20, and 30 depths f r o m  the leading edge of the 
disturbance; fo r  the exponential bed movement measurements  were 
made a t  20, 60, and 180 depths f r o m  the leading edge. The solid 
curves in Fig. 5.10 represent  the experimental profiles recorded 
using the l a r g e r  bed unit (b = 61 cm);  the dashed curves represent  the 
profiles recorded a t  s imi lar  locations when the smal le r  bed unit 
( b  = 30.5 cm)  was used. The values of the nondimensional generation 
pa ramete r s  (which were held constant for  the experiments)  a r e  indi- 
cated in  Fig. 5,. 10. Various aspects  of the propagation character is t ics  
of such waves will be discussed completely in  Section 5 . 2 ;  some of 
these a r e  presented in  Fig. 5.10 only to indicate the s imilar i ty  of 
profiles for  a (change i n  absolute bed s ize.  
The t ime-size rat io  for  the exponential1 bed displacement l ies  
i n  the transit ion region of generation and has ;a l a r g e  amplitude scale  
of Co/h = 0 .5 .  I t  can be seen that a t  each 1oc:ation the recorded pro-  
f i les  for this experiment a r e  almost  identical fo r  each of the bed u.nit 
s izes .  
Tlie t ime-s ize  rat io  fo r  the half-sine experiment  a lso l i e s  in  
the transit ion region of generation but has  a very  smal l  amplitude scale  
of Co/h = 0.04. Again the recorded profiles a r e  almost  identical for 
each 'bed unit. This,  to some extent, confirms the validity of the choice 
of the generation piarame te r  s which were determined i n  chapter 3.  
The ge nerall wave s t ruc ture  i n  the impulsive region il lustrated 
in  Figs .  5 . 8  a:nd 5.9 for  the exponential and half - sine bed movements 
i s  typical of the experiments for  sma l l  disturbance-amplitude sca les ,  
i. e . ,  c0/h ( 5 0.2. For  l a r g e r  amplitude sca les ,  however, the 
general  wave s t ruc ture  in  the generation region i s  altered when the bed 
movement i s  impulsive. Wave profiles recorded a t  x /h  = 0 and 
x / h  = b/h for  a disturbance with 1 Co/h 1 = 0 . 4  a r e  shown in Fig.  5.1L 1 
for  a positive (and negative half-sine bed movement which i s  impulsive. 
Again the wave amlplitude, 7, has been normalized by the bed displace- 
ment ,  C o ,  and shown as  a function of the normalized time, m. 
The l inear  theory i s  again shown a s  a solid curve with the experimental 
profiles shown dashed. 
F o r  the positive movement in Fig. 5.11, the recorded wave at; 
the backwall haw a much l a r g e r  nodal period than that predicted by the 
l inear  theory. At x / h  = 0 the leading wave i s  now followed by a single 
negative wave with a nodal period of the s a m e  o rde r  of magnitude a s  
that of the leading wave. At the leading edge of the disturbance 
(x/h = b/h) the water level rapidly r i s e s  to a maximum elevation, qc,, 
where i t  remains  constant for  an interval  of t ime after which the 
amplitude decreases  to the SWL. This resu l t s  i n  a long negative wave 
trail ing the positive disturbance. The only feature of this wave s t ruc  - 
t u re  which appears  to be predicted reasonably well by the l inear  theory 
i s  the maximum amplitude, To ' which occur s momentarily in  the 
measured  profile. It was found that q 15 approached one-half a s  the 
0 0 
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Fig .  5.11 Wave p rof i l e s  at x / h  = 0 and x / h  = b / h  f o r  a hal f -s ine  
bed up th rus t  and downthrow with a l a r g e  d i s tu rbance-  
ampl i tude  s c a l e ,  \ c0/h \ = 0.4. 
t ime-size ratio was decreased within the impu.lsive region of generation. 
(This behavior was demonstrated by the data presented in Fig. 5. and 
5 . 5 . )  
The theoretical profiles for  the negative bed displacement at  
x / h  = 0 and ~ r / b  =: b/h in  Fig. 5.11 appear to predict the temporal 
variation of the experimental profiles more  accurately than for  the 
positive bed displacements. The maximum wave amplitude, To, at  
the leading edge of the disturbance for the measured profile i s  approxi- 
mately 20'7'0 grea ter  than that predicted by the Linear theory. 
In other experiments i t  was noted that a s  the disturbance- 
amplitude scale  was increased,  the temporal variation of the waves 
shown in Fig. 5.11 was maintained while the differences increasedl 
between the measured amplitudes and those computed by the l inear  
theory. 
In the preceding discussion the wave forms have been viewed 
f r o m  an Eulerian p~oint of view, i. e.  , the position of observation has  
been fixed and variations with respect  to t ime have been observed. It 
i s  also useful t:o observe the wave s t ruc ture  in  the generation region by 
fixing the t ime of observation and examining the water surface spatially. 
Lagrangian mea.surements of this type have been performed in the 
laboratory photographically in  o rde r  to fix the motion a t  a specific time. 
The experimental axrangement permitted pictures of the water surface 
to be taken a t  predetermined times during and af ter  the bed displacerr~ent 
yielding a time: sequence of photos showing the temporal evolution of the 
wate r  s u r f a c e  behavior .  ( F o r  a ful l  d e s c r i p t i o n  of the photographic 
s y s t e m  the  r e a d e r  i s  r e f e r r e d  to Chapter  4. ) 
The two e x p e r i m e n t s  photographed to i l l u s t r a t e  the  spa t i a l  wa te r  
s u r f a c e  de format ion  i n  the reg ion  of genera t ion  f o r  the  exponential  bed 
d i sp lacement  had the  following genera t ion  c h a r a c t e r i s t i c s :  5 = 3: 5 c m ,  
0 
b = 6 1 ~ x 1 ,  t = 0.116 s e c s ,  and h = 1 0 c m  thus:  
C 
F r o m  F ig .  5.  1 th i s  d i sp lacement  is s e e n  to lie i n  the t r ans i t ion  region 
of genera t ion.  A l a r g e  d i s tu rbance-ampl i tude  s c a l e  and s m a l l  t i m e  
s c a l e  w e r e  chosen  i n  o r d e r  to enable  the wa te r  s u r f a c e  m o v e m e n t s  to 
be e a s i l y  o b s e r v e d .  A s  indicated by Eq. (5. 4),  both a posi t ive  and a 
negat ive  lbed d i sp lacement  w e r e  inves t iga ted ;  the  sequence of photo- 
g r a p h s  obtained f o r  e a c h  d i s p l a c e m e n t  is  p r e s e n t e d  i n  F ig .  5 .12a  and 
5 .12b.  The bed posi t ion  and t i m e s  are indicat 'ed beneath e a c h  photo; 
the  SWL h a s  bleen m a r k e d  by a black l ine  i n  e a c h  photo and a v e r t i c a l  
s c a l e  is indica.ted on e a c h  photograph ( in  c e n t i m e t e r s ) .  
F ig .  5.112a shows the  sequence  of photographs  f o r  the posit:ive 
bed d i sp lacement  with photo # 1 showing the  undis turbed f luid.  In photos 
#2 and #3  the  wa te r  s u r f a c e  is e s s e n t i a l l y  following the  moving bed 
s e c t i o n  except  n e a r  the  leading edge  w h e r e  a s m o o t h  t r a n s i t i o n  occur:; 
be tween the  S'NL and r i s i n g  wa te r  s u r f a c e .  Ln th i s  c a s e ,  the t r a n s -  
i t ional  length  between the  d o w n s t r e a m  wate r  depth  and the  r i s i n g  wa te r  
s u r f a c e  i n  the  genera t ion  reg ion  is due to wave propagat ion r a t h e r  than 
Fig.  5.12 Spatial variations of the water  sur face  elevation i n  the 
generation region for  exponential bed displacements;  
a )  bed upthrust ,  b) bed downthrow. 
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Fig.  5.12 Spatial variations of the water  sur face  elevation i n  the  
generation region for  exponential bed displacements;  
a )  bed upthrust ,  b) bed downthrow. 
the elliptic response of the fluid. A. long wave traveling with a ve1oci. t~ 
of @ == 99 c m l s e c  has  had an opportunity to propagate a distance of 
approxi.mately 17 c m  ups t ream and downstream of the leading edge in 
photo #:3, yielding a transit ion length of 34 c m  which i s  approximately 
the length of the transit ion scaled f r o m  the photograph. In photo #4 a 
positive wave can definitely be seen leaving the generation region 
while a negative wave i s  re treat ing over the bed unit. In photo #5 the 
negative wave has  reached the backwall where the water level  i s  now 
decreasing.  This continues in photo #7 until i n  photo #8 the water a t  
the backwall has  returned to the s t i l l  water level.  A smal l  negative 
wave fo rms  i n  photo 88 trail ing the positive leading wave. 
The corresponding sequence of photographs for the negative 
exponential bed displacement i s  shown i n  Fig.  5.12b; again photo #1 
shows tlhe undisturbed fluid. In photo #2 and #3 the water surface i s  
deforming in  the same  manner  a s  the bed unit except near  the leading 
edge where a smooth transit ion with a length of approximately 34 c m  
occurs  between the two water levels.  Photos #4 and #5 show a positive 
wave entering the generation region which has reached the backwall in 
photo #6 where the water level has  returned to the SWL.  In photo #7 
the trail ing portion of the negative leading wave i s  shown leaving the 
generation region while photo #8 shows smal l  amplitude oscillations 
forming behind the leading wave. 
The presence of a i r  entrained around the sea l  of the bed unit 
during leapid bed movements i s  i l lustrated by the sequence of photos 
shown in Fig. 5.12b. Examination of the a r e a  just above the sea l  in  
photo #2 shows that a i r  bubbles have formed between the moving bed 
unit and the g lass  sidewalls of the wave tank. The bubbles increase  in  
s ize  and begin to r i s e  into the fluid during the displacement and reach 
the f r e e  surface of the fluid domain in photo #7. As suggested ea r l i e r ,  
the leakage of a i r  around the sea l  for  rapid bed displacements may  
account for  some of the differences which were noted between the 
experimental and theoretical wave profiles shown in  Fig. 5 .9 (especi-  
ally a t  the backwall). 
PL comparison of the photographs in  Fig.  5. 12a and Fig. 5. 12b 
for  bed upthrust and downthrow i s  also of in te res t .  Since the photos 
were taken a t  identical positions during the bed displacement,  a d i rec t  
comparirson of wave behavior i s  possible. As stated previously, the 
l inear  theory suggests that wave profiles,  whether Euler ian o r  Lagran-  
gian, a r e  m i r r o r  images about the s t i l l  water level for positive and 
negative bed movements with the same  generation parameters .  In 
photos #2 and #3 the corresponding water sur faces  do indeed appear 
to be m i r r o r  images of each other.  Slight discrepancies  begin to appeisr 
i n  photo #4 which inc rease  in  magnitude in  the remaining photos. These 
discrepancies a r e  probably caused by the nonlinear effects introduced by 
the l a rge  amplitude scale  of the bed displacement. 
The experiment which was photographed to i l lustrate  the water 
surface deformation in  the region of generation for  the half - sine bed 
disp1ace:ment had the character is t ics :  5 = + 5 cm,  b = 61 cm,  
0 
tc = 0.20 secs ,  and h = 10 cm with the following generation para-  
Fig. 5 .2 indicates that this t ime-size ratio l ies  in  the impulsive region 
of generation near the boundary of the transition region. The sequence 
of photos for  the case of bed uplift is shown in Fig. 5.13a. Again a 
black line i s  used to indicate the S W L  and a vertical scale graduated 
in centimeters i s  shown in each photograph. Beneath each photograph 
the position of the bed unit in  space and time i s  indicated. 
The evolution of the water surface shown in Fig. 5.13a i s  very 
s imi lar  to that shown for  the exponential bed displacement in  Fig. 5. 12a. 
The water surface essentially follows the bed unit in  photos #2 and #3. 
In photo #I4 a wave can be seen leaving the generation region and in 
photo #5 the water level  a t  the backwall has begun to decrease.  The 
trail ing portion of the leading wave can be seen developing in the 
remaining photos . 
The photographic sequence for 'bed downthrow for a half-sine bed 
displacement program i s  shown in Fig. 5.13.b. The wave behavior i s  
s imi lar  to that shown in  Fig. 5. 12b for the exponential t ime history of 
the bed displacement. Comparison of the individual photos between the 
case  of positive bed movement shown in Fig. 5.13a and the negative 
movement of Fig. 5.13 b again demonstrates  that the detailed wave 
profiles axe not the m i r r o r  image of each other due to the la rge  
amplitude scale  used in  this experiment (C /h = k0.4). 
0 
Fig. 15. 13 Spatial variations of the water surface elevation i n  the 
generation region for  half- s ine bed displacements;  
a )  bed upthrust,  b)  bed downthrow. 
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Fig. 5 .  13  Spatial variations of the water surface elevation in the 
generation region for half-sine bed displacements: 
a)  bed upthrust, b) bed downthrow. 
5.1 .3  Wave Periods in the Generation Region. 
All wave profiles occurring in  the region of generation 
and described in  the preceding section were complex in shape, i. e .  , 
nonperiodic, over the full ranges of the generation parameters  (b/h, 
CO/h, and t m) which were investigated. F o r  these complex wave 
C 
shapes,  n~o single period exists which adequately describes the temporal 
variation of the ent i re  wave profile. Fortunately, most  of the displaced 
volume of: water (and wave energy) for the wave profiles i l lustrated in  
Section 5. 1.2 i s  contained in the leading wave. Three periods appear 
to adequately describe the temporal variation for  most  of the various 
complex shapes of the lead waves found in  the region of generation. 
Consider the typical profile of the leading wave in the generation. 
region il lustrated by the sketch in F ig .  5.14a and Fig. 5. 14b for an 
impulsive, positive and negative bed displacement, respectively. For  
( Q I (b )  
Fig. 5. 1.4 Definition sketch of r i s e  t ime,  t r ,  fall  t ime, t and nodal f' 
t ime, t . a )  positive lead wave, b)  negative lead wave. 
n ' 
the positive bed displacement the water r i s e s  to a maximum height, q 
CI , 
i n  a period t remains a t  this amplitude until the t ime t and then 
r ' f '  
begins to decrease  to the s t i l l  water level which i s  reached a t  the t i m e ,  
. Similar t ime intervals  a r e  shown in Fig. 5.14b for the leading 
wave geinerated 'by a negative bed displacement. (The times t 
r '  t f '  
and tn will  hereafter  be refer red  to a s  the r i s e  t ime, fall  t ime, and 
nodal t ime, respectively. 
It should be noted that the shape of the leading wave shown in 
Fig. 5.1.4a for an impulsive positive bed displacement i s  not character-  
i s t i c  of <all the profiles a t  the leading edge of the disturbance. When 
the disturbance-amplitude scale i s  la rge ,  i. e .  , Co/h > 0.2,  and the 
bed displacement i s  impulsive, a typical wave profile of the leading 
wave recorded a t  the leading edge i s  shown in  Fig. 5.11. The water 
surface for  this case requires  a t  leas t  one m o r e  amplitude, ( co r res -  
ponding to the constant height which the water surface maintains over 
some time interval)  and time interval  (corresponding to the interval 
before the constant wave height i s  reached) to describe the temporal 
variation of these waves. No effort will be made in  this section to 
descr ibe  the temporal variation of these wave profiles a t  x/h = b/h 
except in  t e r m s  of the notation shown in Fig. 5.14a. 
Fig. 5. 15 shows the experim.enta1 and theoretical periods: t r '  
tf ,  and tn, for leading waves a t  the backwall (x /h  = 0) which were 
generated by an exponential bed displacement. The wave periods have 
'been normalized by the character is t ic  time of the bed movement, tc, 
-- -- 
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Fig.  5. 1 5  Variation in t r / t  , t / t  and tn/tc of the lead wave with 
' f t  %/b, at x/h = O for exponential the time-size ratio, 
bed displacements. 
and shown separately for each disturbance-.size scale ,  b/h, a s  a 
function of the t ime-s ize  rat io ,  t &h/b. The theoretical curves 
C 
shown for  each period have been computed f r o m  the l inear  theory 
given by Eq. (3.67). Hollow symbols a r e  again used to indicate data 
for  positive bed displacements while solid symbols indicate data for 
which a negative movement of the bed occurred.  Three different 
symbols ( see  the legend of Fig. 5.15) a r e  used to indicate the 
normalized r i s e  t ime,  fall t ime, and nodal t imes  fo r  each wave. The 
notation :for the disturbance-amplitude sca le  for  each experiment i s  
shown in  the table i n  the legend of Fig. 5.15. Arrows adjacent to 
cer tain data  again indicate experiments for  which the smal le r  bed unit, 
b = 30.5 cm, was used; for  a l l  other experiments b = 61 cm. 
Typical wave profiles in  the generation region for an exponential 
bed displacement have been previously shown i n  Fig. 5.8.  The r i s e  
and fall  t imes of the lead wave a r e  observed to be  equal i n  this figure 
fo r  both the transit ion and creeping regions of generation. When the 
r i s e  and fall  t imes for  a wave profile a r e  equal, only tihe r i s e  t ime 
symbol and the theoretical curve for  r i s e  t imes  a r e  shown in  Fig. 5.15. 
I t  i s  also observed f r o m  Fig. 5 .8  that the wave fo rms  a t  both the back- 
wall and the leading edge in  the creeping region of generation resemble 
a bore; hence, the nodal t ime becomes a meaningless measurement .  
No data  clr theory a r e  indicated in  Fig. 5.15 for  the nodal t imes in  this 
region of generation. I t  should be noted that measurements  of the r i s e  
t imes  for  experimental wave fo rms  became m o r e  difficult for  very fas t  
bed movements (t < 0.1 secs )  due to the relatively slow speed a t  
C 
which the wave forms were recorded (1 crn/sec) .  Some difficulty was 
also experienced in defining the r i s e  t imes for very slow bed move- 
ments  in  which the maximum wave elevation was approached at  a very 
slow rate .  (Theoretical computation:; have also been made for  the 
disturbance-size scale of b/h = 100 for  which no experimental data 
exist. ) 
The theoretical resul ts  presented in  Fig. 5. 15 for the r i se ,  fall, 
and nodal-time rat ios  for the s ize scales:  b/h = 0.61, 1.22, and 2 . 0 3 ,  
agree  well with the experimental data for both positive and negative 
bed displacements. F o r  these three disturbance-size scales ,  no 
amplitude scale  grea ter  than 0.2 was used and the r i s e  and fall t imes 
a r e  equa.1 for the full range of t ime-size rat ios  investigated. 
For  b/h = 6. 10 the theoretical resul ts  agree well with the 
experimental data for  the r i s e  and fall- t ime rat ios  which a r e  equal over 
the full range of t , m / b  which was investigated. Some of the data 
C 
have disturbance-amplitude scales  a s  l a rge  a s  0.5; hence, the ampli- 
tude sca1.e appears to have li t t le effect  on the r i s e  and fall t imes at  the 
backwall. (Recall f r o m  Section 5. 1. 1 that the relative wave amplitude, 
qo/Co, a~ t  he backwall also appeared to be predicted by the l inear  
theory over the full range of disturbamce-ajmplitude sca les . )  The theo- 
re t ica l  nodal t imes for b/h = 6.10 no longer agree as  well with the 
data a s  for  the smaller  s ize scales .  Measlured nodal t imes for positive 
bed displlacements a r e  consistently l a rge r  than those predicted by the 
l inear  theory, with a possible weak dependence on the amplitude scale;  
this behavior was also shown in Fig. 5.8 by the wave profiles in  the 
impulsive region of generation. The nodal t ime data for negative bed 
displacements which have an amplitude scale  of C /h  = -0.5 a r e  
-0 
slightly s:maller than those predicted by the l inear  theory. 
For  the disturbance-size scale: b /h  = 12.2, i n  Fig. 5.15, a 
region of the t ime - size rat io  exists which is given approximately by 
t m / b  < 10-I where the r i s e  and fall  t imes a r e  no longer equal. This 
C 
region i s  indicated by both the experimental and theoretical resul ts .  
The l inear  theory for the fall-t ime rat io,  t f / t c ,  agrees  well with all 
data in  this region; however, the theory for  the r i s e  t imes,  t r / tc ,  
appears  to predict a l a rge r  r i se- t ime ratio than o'bserved in  the experi-  
ments for the data with an amplitude scale  grea ter  than 0.2. No definite 
conclusions can be stated regarding a possible disturbance -amplitude 
scale  effect on r i s e  o r  fall t imes in  this region due to the limited 
amount olE data available. 
The l inear  theory for  b/h = 12.2 in  Fig. 5.15 predicts a 
smal ler  nodal-time rat io,  tn/ tc ,  than indicated by the data for positive 
bed displacements,  regardless  of the disturbance -amplitude scale;  this 
same  behavior was also observed for b/h = 6.10 in  Fig. 5.15. It 
does appear f r o m  the experimental data that tn / t c  increases  as  C /h  
0 
increases .  The single data point for a negative bed displacement with 
Lo /h  = - 0. 5 i s  only slightly smaller  than the value predicted by the 
l inear  theory. 
The theoretical resul ts  for  b /h  = 100 presented in Fig. 5.15 
indicate that the r i s e  -t ime rat io becomes approximately constant for 
- 1 
a t ime-size ratio l e s s  than 10 , i. e .  , in  the impulsive region of 
generation. For  t f i / b  > 0.2 the r i se- t ime ratio appears to become 
C 
inversely proportional to the t ime-size rat io ,  i. e .  , t r  / tc  ( t c m l b ) -  l .  
The fall-t ime ratio,  t f / tc ,  i s  inversely proportional to tc&/b over 
the full ratnge of the t ime-size ratio investigated and i s  equal to 
t / t  for  t m / b  . 0.2. The theoretical curve for  the nodal-time 
r c c 
rat io  i s  sllightly above and approximately paral lel  to the curve for the 
fall-t ime ratio; hence, the temporal variation of the wave fo rms  gener - 
ated for b/h = 100 a t  the backwall when tc&/b < 0.1 may be found 
by extrapolating the curves.  Since the curves for  tn/ tc  and t / t  appear f c  
to be parallel  in  the impulsive region of generation, the ratio tn/tf i s  
approximately constant. Note that the theoretical curves for  tn/ tc  do 
not vary i~ppreciably between b /h  = 12.2 and b /h  = 100. 
Fig. 5 .  16 shows the theoretical and experimental t ime ratios:  
t r / t c ,  t f / tc ,  and tn / tc ,  a s  a function of t c m / b  at the backwall 
(x /h  = 0) for  the half -sine bed displacement. The notation used i s  
identical to that shown in Fig. 5. 15 for  the exponential bed displacemerut 
and i s  repeated in the legend of Fig. 5.16. Theoretical curves for 
t r / t c ,  t f / t c ,  and t / t  have been conlputed by the l inear  theory, Eq. 
n c 
( 3 . 6 8 ) ,  for  each disturbance- s ize scale  investigated experimentally 
and for  b,/h = 100. 
F i g .  5 .16  Var ia t ion  i n  t r / t  , t f / t c ,  and t n / t  of t h e  l ead  wave with 
the  t i m e - s i z e  r a t i o ,  t mlb, at xc/h = 0 f o r  ha l f - s ine  C 
bed d i s p l a c e m e n t s .  
The l i nea r  theory fo r  t r / t c ,  t f / t c ,  and t / t  presented i n  Fig .  
n c 
5.16 appea r s  to a g r e e  well with the da t a  f o r  b / h  = 0.61 f o r  both 
posit ive and negative bed d i sp lacements .  Tlhe r i s e  and fa l l  t i m e s  fo r  
th is  distu:rbance-size s ca l e  a r e  equal  over  tlhe ful l  range of the t ime -  
s i z e  r a t i o  which was investigated.  F o r  a t ime - s i ze  r a t i o  l e s s  than 0 .4 ,  
i. e . ,  the impuls ive  region of generat ion,  th~e r i s e  and fa l l - t ime  ra t io  
approaches  unity; hence,  the water  r i s e s  a t  the  backwall until  the bed 
movemenit i s  completed and immedia te ly  begins to d e c r e a s e  to the s t i l l  
water  l eve l .  The nodal- t ime ra t io  i n  the impuls ive  region of generat ion 
i n c r e a s e s  a s  the t ime - s i ze  ra t io  d e c r e a s e s .  In the creeping region of 
generat ion,  i. e .  , t  m / b  > 40, the r i s e  and fa l l - t ime  ra t ios  become 
C 
equal  to 0 .5  indicating that  the  water  l eve l  a t  the  backwall begins to 
d e c r e a s e  once the bed h a s  moved through one-half of i t s  to ta l  d i sp lace-  
men t .  The nodal-t ime ra t io  i n  the creeping region of generat ion,  
becomes  asymptot ic  to unity. Since,  the r i s e  and fa l l - t ime  r a t i o s  a r e  
equal  to 01.5 i n  this  region,  the  r i s e  aind fa l l  t i m e s  occur  midway the 
nodal- t im~e in te rva l  thus indicating a s y m m e t r i c a l  wave shape ( s e e ,  
e .  g . ,  F ig .  5.9).  
F o r  b /h  = 1.22 and 2. 03 the r i s e  and fa l l - t ime  r a t i o s  i n  Fig .  
5.16 r e m a i n  equal  over  the  full  r ange  of tc&/b investigated.  The 
behavior of tr  / tc  = tf / t c ,  and t / t  suggested by the l inear  theory fo r  
n c 
these  s i z e  s c a l e s  i n  the impuls ive ,  t ransi t ion,  and creeping regions  of 
generat ion i s  s i m i l a r  to that  observed  for  b /h  = 0.61.  The agreement  
of the l i nea r  theory with the da t a  fo r  these  two d i s tu rbance-s ize  s ca l e s  
i s  reasonably good except for  seve ra l  experiments for negative bed 
displacements in  the impulsive region of generation when b/h = 2 .03 .  
These rneasurements indicate a smal le r  nodal t ime than the other data 
and the l inear  theory i n  this region; hence, these data a r e  probably 
e r r a t i c  points. The l inear  theory appears  to consistently indicate a 
slightly l a r g e r  r i s e ,  fall ,  and nodal t ime for  these s ize  scales  over 
the full range of the t ime-s ize  rat io  investigated. 
For  b/h = 6.10 the l inear  theory i n  Fig. 5 .16 suggests the 
s a m e  general  behavior for t / t  and t / t  in  each region of generatioln 
r c n c: 
a s  found for  the sma l l e r  dis turbance-size sca les .  However, the fa l l -  
t ime rat io  i s  now l a r g e r  than the r i se- t ime ratio in  the region 
t ,,/'gh/b < 1; hence, for  this region, the amplitude of the leading wave 
C 
reaches  a maximum a t  the t ime t and remains  constant for  the t ime 
r 
interval. given by t - t  As the t ime-size rat io  becomes grea ter  than f r' 
unity the r i s e  and fall  t imes a r e  equal and approach a value of one-ha1.f 
the chairacteristic t ime,  t . F o r  t @/b > 10 the nodal-time ratio 
C C 
becomes equal to unity; hence, a symmetr ica l  wave shape resu l t s  in 
the creeping region of generation as  discussed previously. In the reg.ion 
t &&/b < 1 where the l inear  theory indicates that the fal l  t ime i s  no 
C 
longer equal to the r i s e  time, the agreement  of the l inear  theory with t'he 
data  i s  reasonably good except for  the fall-t ime rat io ,  t f / tc .  The data 
for  t / t  and t / t  in this region a r e  somewhat inconsis tent with severa l  
r c f c 
experiments indicating equal r i s e  and fall  t imes  while others  resu l t  in  
different  values; this behavior may simply be due to experimental e r r o r .  
The l inear  theory for  the nodal-time rat io  appears  to ag ree  well with 
a l l  data for  both positive and negative bed displacements.  It should be 
noted that an insufficient amount of data a r e  available to indicate any 
possible :nonlinear effects due to l a rge  distu.rbance-amplitude scales .  
The data  presented fo r  b/h = 12.2 i:n Fig.  5.16 cover a l a rge r  
range of dis turbance-amplitude sca les  given by 0 ] 5 /h 1 S 0.8,  0 
and a r e  tlnus m o r e  indicative of any nonlinear effects caused by l a rge  
amplitude scales .  No nonlinear effect i s  evident for the rise-time 
rat io ,  t r / t c ,  over the full range of tc&lb which was investigated; 
however, a l l  of the data fo r  the r i s e  t imes consistently indicate a 
sma l l e r  ~e i se  t ime than that predicted by the l inear  theory independent 
of the disturbance-amplitude scale .  'The fall-  t ime rat io  becomes 
l a r g e r  th,an the r i se- t ime rat io  i.n the region t m / b  c;* I .  The data 
C 
fo r  the fa l l  t imes in  this region indicate a l a r g e r  fall t ime than that 
predicted by the l inear  theory, apparently independent of the disturb- 
ance-amplitude scale  and the direction of the bed movement. (Note 
that a l l  of the data i n  this region have a fall  t ime different f r o m  the 
r i s e  t ime; hence, the data in  the impulsive region of b/h = 6. 10 in 
which the r i s e  and fall t imes were equal and grea ter  than unity do 
indeed appear to be erroneous.  ) The l inear  theory for  the nodal-time 
rat io  ag rees  well with the data which correspond to ( 5  /h 1 5 0.2 ;  
0 
however,  the data for  positive bed displacements with co/h > 0.2 
have a l a r g e r  nodal t ime i n  the impulsive and transit ion region of 
generation than that predicted by the l inear  theory. This nonlinear 
behavior of the nodal t imes a t  the backwall was also shown in  Fig. 5 .11  
fo r  a positive bed movement. An insufficient amount of data i s  avail- 
able for negative bed movements to sugges,t a corresponding nonlinear 
behavior. In the creeping region of generation, i. e . ,  t rJg?;/b > 4 (see  
C 
Fig. 5. 2 ) ,  the l inear  theory for t / t  agrees  well with the experimental1 
n c: 
data  ove:r the full range of disturbance-amplitude scales .  
The l inear  theory for the r i s e ,  fall ,  and nodal-time rat ios  when 
b/h = 100 i s  s imi lar  to that described for  b/h = 6.18 and 12 .2 .  For  
t m l b  < 1 the r i se - t ime  rat io  i s  equal to unity and the fall-t ime 
c 
rat io  ( t  / t  ) i s  l a r g e r  than t r / t c  and inc reases  a s  the t ime-size ratio f c  
decreases .  The nodal-time rat io  is slightly l a r g e r  than t f / t  and the 
C 
difference between these two rat ios  appears  to decrease  a s  t @/b 
C 
decreases .  F o r  t / x / b  > 10 the nodal-time rat io  i s  asymptotic to 
c( g 
unity and the r i s e  and fall-  t ime rat ios  (which a r e  now equal) become 
asymptotic to 0.5. All .curves appear to be l inear  on the log-log 
representation for  the asymptotic conditions of l a rge  and smal l  t ime-  
s ize ra t ios ;  hence, extrapolation to sma l l e r  t &/b may  be possible. 
C 
However, extrapolation of the curves for  t, / t  and t / t  to t ime-size 
.€ c n c 
- 1 
rat ios  l e s s  than 10 would appear to eventually yield a point at  which 
these two rat ios  became equal; no fur ther  extrapolation should then be 
made. Note that the theoretical curves for  t r / t c  and tn/ tc  do not vary 
appreciably between b f h  = 12.2 and b/h = 100. I t  a lso appears  that 
the fal l - t ime rat io  approaches the nodal-time a s  the s ize  scale  increases  
for  a constant value of t f i / b  in  the impulsive region of generation. 
C 
Fig .  5 . 1 7  shows the  theore t i ca l  and e x p e r i m e n t a l  r e s u l t s  f o r  the 
t i m e  ra t ios :  t r / t c ,  tf I t c ,  and tn / t c ,  a s  a function of tc&/b a t  the 
leading edge of the bed sec t ion  f o r  a n  exponential  bed d i sp lacement ;  i. e . ,  
at x / h  = b / h .  The notation f o r  the  d a t a  and t h e o r y  is the  s a m e  as u s e d  
i n  F i g s .  5 .15  and 5.16 and is d e s c r i b e d  again  i n  the  legend of Fig .  5.17.  
No d a t a  o r  theory  a r e  shown fo r  the  noda l - t ime  r a t i o ,  t / tc ,  i n  the  
n 
c reep ing  reg ion  f o r  e a c h  d i s tu rbance  - s i z e  s c a l e  s i n c e  the  wave prof i le  
i n  th i s  r eg ion  r e s e m b l e s  a b o r e  ( s e e ,  e. g. , Fig .  5.8) .  In addition, the 
r i s e  and fa l l  t i m e s  are equal  as shown i n  F ig .  5 . 8  and only d a t a  s y m -  
bols f o r  the  rise t i m e s  a r e  p r e s e n t e d .  
F'or the  t h r e e  s i z e  s c a l e s :  b / h  = 0 .61 ,  1 . 2 2 ,  and 2 . 0 3 ,  the  
r i s e  and f a l l - t i m e  r a t i o s  shown i n  Fig .  5 . 17  are equal  o v e r  t h e  fu l l  
r a n g e  of t h e  t i m e - s i z e  r a t i o ,  t c m / b ,  which was  inves t igated .  The 
t h e o r y  fair e a c h  of t h e s e  s i z e  s c a l e s  a g r e e s  wel l  with the  data .  (Reca l l  
tha t  no d i s tu rbance-ampl i tude  s c a l e  g r e a t e r  i n  absolute  value than 0 . 2  
was  used! f o r  t h e s e  s i z e  s c a l e s . )  
F'or b / h  = 6.10,  12 .2 ,  and 1.00 t h e  l i n e a r  theory  shown i n  
F i g .  5 . 1 7  sugges t s  tha t  the  rise and f a l l  times a r e  no longer  equal  f o r  
t m/b < 0 .4 ;  F ig .  5 . 6  showed that  th i s  ~ e g i o n  cor responded  to the 
C 
i m p u l s i v e  reg ion  of genera t ion  f o r  t h e s e  s i z e  s c a l e s .  In  the  impuls ive  
reg ion  of' b / h  = 6 .10  the l i n e a r  theory  f o r  the r i s e - t i m e  r a t i o  a g r e e s  
f a i r l y  well  with all d a t a  f o r  negative bed m o v e m e n t s  r e g a r d l e s s  of 
ampl i tude  s c a l e  and with the  d a t a  f o r  pos i t ive  bed m o v e m e n t s  f o r  which 
Co/h 4 01.2. The d a t a  f o r  pos i t ive  bed d i s p l a c e m e n t s  with ampl i tude  
F i g .  5. 17 Variation in tr  /t  tf / tc and t n / t  c of the lead wave with 
'.' t o a / b ,  at x/h = b/h for exponential the time-size ratlo, 
bed displacements. 
sca les  grea ter  than 0.2 show a much smal le r  r i s e  t ime than that pre-  
dicted by the l inear  theory. This nonlinear behavior of the r i s e  t imes 
for  l a rge  amplitude sca les  and positive bed movements i s  m o r e  d r a m -  
atically demonstrated by the data  for  b/h = 12.2 where the maximum 
amplitude scale i s  unity. Here this nonlinear effect i s  a lso evident in  
the transit ion region of generation, i,, e.  , 0.4  < t ,/gi;/b < 4. In the 
C 
creeping region for b/h = 6 . 1 0  and 12.2,  the l inear  theory for  the 
r i s e - t ime  rat io  (which i s  also equal to the fal l - t ime rat io)  agrees  well 
with the data regard less  of the amplitude scale  of the disturbance and 
the direction of the bed movement. 
The l inear  theory for  the fal l - t ime rat io  i n  the region 
t m / b  *= 0.4  for  b/h = 6.10 and 12.2 appears  to be slightly smal le r  
C 
than the values indicated by the experiments ,  regard less  of the dis turb-  
ance -amplitude s cale o r  the direction of bed movement. No nonlinear 
effects due to l a rge  amplitude sca les  a r e  apparent for  the fall  t imes;  
however,  i t  should be noted that,  for  some experiments ,  positive 
amplitude sca les  grea ter  than 0.2 resu l t  in  waves resembling those 
shown i n  Fig.  5.11. For  those wave profiles the r i s e  and fall  t imes a r e  
equal and fal l - t ime data fo r  these experiments a r e  not shown in 
Fig.  5.17. The theoretical resu l t s  for  the nodal t imes  appear to agree 
well with the data  for  negative bed displacements and the theory con- 
sistently predicts a nodal t ime slightly l e s s  than the observed values 
fo r  posit:ive bed displacements regard less  of the amplitude scale .  
This beh,avior can also be seen in  the profiles presented in  Fig.  5.8. 
It  i s  evident f r o m  the experimental resul ts  for the nodal t imes for 
these two s ize  scales  that a nonlinear effect due to la rge  bed displace- 
ments  i s  present ,  i . e . ,  a s  the amplitude scale  increases ,  the nodal- 
t ime ratio also increases  thus deviating m o r e  f r o m  the value p re -  
dicted by the l inear  theory. 
The theoretical computations for b/h = 100 in Fig. 5.17 again 
show tha,t the r i s e  and fall-t ime rat ios  become different for 
t m / b  .< 0.4. In this region the r i se- t ime rat io becomes constant 
C 
a t  a valule of approximately five compared to a value of six at  the back- 
wall. The fall-t ime ratio in  this region (and also for t c f i / b  > 0.4)  i s  
inversely proportional to the t ime- s ize ratio,  i. e. , tf / t  0, ( t  &/b)-'. 
C C 
The curve for tn / t c  (shown only for  t @/b < 0.1 ) i s  only 
C 
slightly above the curve for  the fall-t ime ratio; the difference between 
these curves seems to decrease  a s  tc&/b decreases  on the log-log 
representation. (This 'behavior for b/h = 100 i s  s imi lar  to that 
observed in Fig. 5.15 at  the backwall.) Note that the theoretical curves 
for  t r / t c  and tn / tc  do not differ appreciably between b/h = 12 .2  and 
b / h  = 100. The theoretical curve for  t f / tc  appears  to be approaching 
t / t  on this log-log representation a s  the s ize  scale  increases  for a 
n c 
constant value of tc&/b in  the impulsive region of generation; hence, 
the ratio t / t  i s  decreasing toward unity a s  b/h increases .  
n f 
The temporal variations of the leading wave profiles generated 
by a half-sine bed displacement at  x / h  = b / h  a r e  shown in  Fig. 5.18 
where the ratios:  t r / tc ,  tiltc, and t / t  a represented  a s  a function of 
n c 
tc 4; 
-- 
b I l 4 4 D  
F ig .  5.18 Var ia t ion  i n  t r / t c ,  t f / t c ,  and tn/ tc  of the  l e a d  wave with 
the  t i m e - s i z e  r a t i o ,  t ,,,/gh/b, a t  x / h  = b / h  f o r  ha l f - s ine  
C 
bed d i s p l a c e m e n t s .  
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t G l b .  The same  notation i s  used in  this figure for  the theoretical 
C 
and experimental resu l t s  a s  was used previously in Figs .  5. 15, 5. 16, 
and 5 . 1 7  and a summary  of this notation appears  in  the legend of Fig. 
5. 18. (It: should be mentioned again that in the experiments where the 
fall  timer; and the r i s e  t imes a r e  equal only the r i s e  t imes a r e  shown. ) 
Flor the two smal les t  s ize sca les  (b /h  = 0.61 and 1.22) the 
r i s e  and .Eall- t ime rat ios  shown in  Fig. 5 .18  a r e  equal over the full 
range of t m/b investigated. This behavior i s  indicated by both the 
C 
experimental data  and the theoretical computations. The l inear  theory 
appears  t:o agree  reasonably well with the experimental data, especially 
for  the smal le r  s ize  scale  (b /h  = 0. 611). A tendency does appear to 
exis t ,  however, for the l inear  theory to slightly over-est imate the r i s e -  
t ime rat io  for  b/h = 1.22. For  t &lb < 1 the r i s e  and fall-t ime 
C 
ra t ios  (which a r e  equal for these two s ize  sca le s )  become asymptotic 
to unity while the nodal-time ratio inc reases  rapidly a s  tc,/&/b 
decreases .  F o r  t &lb > 40 the r i s e  and fall-t ime rat ios  become 
C 
asymptot:ic to 0.5 while the nodal-time rat io  approaches unity; hence, 
a symmetr ic  wave shape i s  generated s imi lar  to the profile shown in  
Fig. 5 . 9 .  These asymptotic conditions for l a rge  and smal l  t ime-size 
rat ios  for the theory and data a t  the leading edge a r e  s imi lar  to those 
observed in Fig.  5 .16  a t  the backwall. 
F o r  b/h = 2.03 the l inear  theory shown in  Fig. 5 .18 indicates 
that the r i s e  and fall-t ime ratio a r e  no longer equal in  the region 
t h/gi;/b e: 1; however, a l l  data do not appear to confirm this suggested 
C 
behavior. A s imi lar  inconsistency was observed in data for  experi-  
ments  a t  the backwall in Fig.  5.16 for b/h = 6. 10. In the discussion 
of Fig.  5.16 i t  was suggested that this inconsistency was probably 
caused by anomalities in  the experimental measurements ;  this may also 
be t rue  of the experimental data shown in Fig.  5.18. In general,  i t  can. 
be seen  that there  i s  fa ir ly  good agreement  between theory and experi-  
ment .  The nodal-time ratio for this s ize  scale  appears  to be accurately 
predicted by the l inear  theory over the full range of tc&/b which was 
investigated. It should be noted that no disturbance-amplitude scale  
grea ter  than 0.2 (in absolute value) was investigated. 
The l inear  theory presented in  Fig.  5.18 for  the r i s e  - t ime rat io  
of the two size scales:  b/h = 6.10 and 12.2,  ag rees  reasonably well 
with the data fo r  a l l  amplitude sca les  shown. However, there  i s  con- 
siderable sca t te r  of the data,  the majori ty  of which indicates a smal le r  
r i s e - t ime  ratio than that predicted by the l inear  theory. This i s  t rue  
of the data f o r  both the positive and negative bed displacements over the 
full range of the t ime-size rat io  investigated. The r i se - t ime  data in the 
impulsive and transit ion regions of generation for  which 5 /h  > 0.2 
0 
indicate no l a rge  o r  consistent nonlinear effects a s  was found for the 
exponential bed movements in  Fig.  5.17. Any weak nonlinear effects 
present  for  the half-sine bed displacements a r e  masked by the scat ter  
i n  the data. The l inear  theory suggests that the r i s e  and fall-t ime 
ratios a r e  different in the region t Jgh/b < 2, s imi lar  to the behavior 
C 
for  b/h := 2.02 i n  the region t m l b  1. F o r  these l a rge r  s ize 
C 
scales  the l inear  theory agrees with the data in  predicting the region 
in which the r i s e  and fall-t ime rat ios  a r e  no longer equal; however, 
the data consistently indicate a l a rge r  value of t / t  than predicted f c  
by the l inear  theory. In the case of the nodal-time ratio for b/h = 6.10 
and 12.2 the l inear  theory agrees  well with the data for negative bed 
motions and with the data for  positive bed movements where the disturb- 
ance -amplitude scale  i s  l e s s  than 0 .2 .  As the amplitude scale fo r  positive 
bed movements increases ,  the data deviate m o r e  f r o m  the theory; a 
s imi lar  nonlinear effect was observed in  the data for the nodal-time 
ratio shown in Fig. 5. 17 for the exponential bed motion. 
T:he theoretical curves for the temporal variation of the leading 
waves shlown in Fig. 5.18 for  b/h = 100 a r e  s imi lar  to those presented 
a t  the backwall in Fig. 5. 16 for  the same  disturbance-size scale.  For  
t m / b  <: 1 the rise-time ratio i s  asymptotic to unity and the fall-t ime 
C 
ratio increases  a t  a ra te  inversely proportional to the t ime-size rat io ,  
i. e . ,  t f / tc  a ( t  &/b)-'. The curve for t / t  in  this region i s  only 
c n c 
slightly a.bove the curve for the fall-t ime rat io and these m r v e s  appear 
to be converging as  tc@/b decreases .  Hence, the r e a r  portion of the 
leading wave appears to become steeper  a t  x / h  = b/h  as  the t ime scale  
decreases .  In the region t j g h / b  > 20 the r i s e  and fall-t ime rat ios  a r e  
C 
equal and a r e  asymptotic to the value 0 . 5  while the nodal-time ratio 
approaches unity. The theoretical curves for  t r / t  and tn/tc do not 
C 
appear to vary appreciably between b/h = '12.2 and b/h = 100. The 
curve for  the fall-t ime ratio appears to be approaching the curve for the 
nodal-tirne rat io  a s  the s ize  scale  increases  for  a constant value of 
t m l b  in the impulsive region of generation; hence, the rat io ,  
C 
t n / t f ,  i s  approaching unity. 
In summary ,  the l inear  theory appears  to predict  the r i s e - t ime  
ratio,  t r / t c ,  a t  the backwall reasonably well over  the full range of the 
t ime - s ize  rat ios  investigated for  both the exponential and half - sine bed 
movements.  The r i se- t ime ratio a t  the backwall also appears  to be 
relatively independent of the disturbance-amplitude scale.  The l inear  
theory consistently under -est imates  the fall-  t ime rat io ,  tf I tc ,  obtained 
f r o m  experiments whenever this quantity was different f r o m  the r i se -  
t ime rat io  for  both types of bed displacements;  nonlinear effects due to 
l a rge  disturbance-amplitude sca les  were not evident. The nodal-time 
rat io ,  t,/tc, a t  the backwall also appeared to be slight1yunder;estimated 
by the l inear  theory fo r  the l a rge r  dis turbaace-size sca les  and for 
amplitude sca les  l e s s  than 0 . 2 .  As the amplitude scane increased the 
observed nodal-time rat ios  increased with the discrepancy between the 
l inear  theory and the experiments also increasing.  
At the leading edge of the disturbance, x / h  = b/h, the l inear  
theory for a positive exponential bed movement appeared to predict  the 
r i s e -  tim.e ratio fair ly  well only for smal l  amplitude scales .  As the 
amplitude sca le  increased in  the impulsive and transit ion region of 
generation, the observed values of t / t  were much smal le r  than thos~e 
.r C 
predicte~d by the l inear  theory. In the creeping region of generation 
the 1inea.r theory appeared to be applicable over the full range of 
disturbance-amplitude scale .  The l inear  theory for tr / t  agreed well 
C 
with the data for negative exponential bed movements over the full 
range of disturbance -amplitude and size scales  which were investigated . 
For  the half - sine bed displacement the l inear  theory at  x /h  = b/:h 
appeared to predict  a slightly l a rge r  r i se- t ime ratio than observed over 
the full range of t m / b  which was investigated. Strong nonlinear 
C 
effects due to the disturbance-amplitude scale  were not apparent in  the 
r i s e  - t ime data for  the half - sine bed displacement. 
The l inear  theory appeared to predict a smal ler  fal l - t ime ratio 
a t  x / h  = b/h than observed in  the region of the t ime-size ratio where 
t / t  and t / t  were not equal for both types of bed movement. The 
r c f c 
data do not appear to depend on the disturbance -amplitude scale.  
The nodal t ime ratio,  tn / tc ,  was also under yestimated by the 
l inear  theory at  x / h  = b/h  for the l a rge r  s ize scales  investigated for 
both the exponential and half-sine bed displacements. The nodal-time 
ratio also was observed to increase  a s  the disturbance-amplitude scale  
increased for  both bed motions. 
Theoretical curves for t r / t  and t / t  do not appear to vary 
C n c 
apprecia'bly in  the generation region for s ize scales  grea ter  than 1 2 . 2  
when the time-displacement his tory of the bed i s  not varied. The ratio,  
t / t  appears to approach unity in the impulsive region of generation a s  
n f 
the s ize scale increases  for both the exponential and half-sine bed 
movements. This behavior of the t ime rat ios  is extremely important 
in  the practical application of these resul ts .  
5 ,, 1 .4  Energy Dissipation in  the Generation Region. 
In the l inear  theory presented in  Chapter 3 the effect of 
fluid visc:osity was neglected; however, the experimental measurements  
a r e  al l  affected to some degree by viscosity. Boundary l aye r s  a r e  
formed in  the fluid domain during wave propagation a t  the bed and s ide-  
walls of lke wave tank a s  well a s  a t  the f r e e  surface due to the local 
effects of surface tension. In fact one major  difference between the 
experimental model and the theoretical model i s  the condition which 
exis ts  a t  x / h  = 0 .  In the fo rmer  there  i s  a no-slip condition a t  this 
location whereas in  the la t te r  x / h  = 0 is simply a plane of symmetry.  
The boundary res i s tance  to flow reduces th~e amplitude and velocity of 
the centroid of the propagating wave (see ,  e. g. ,  Benjamin and Mahony 
(1971) ). Since the length of wave propagation in  the generation region 
never exceeded 24.4  water depths, energy los ses  f r o m  wave propaga- 
tion i n  this region a r e  probably small.. (Energy los ses  during down- 
s t r e a m  wave propagation will be discussed i n  detail i n  Section 5 .2 .  ) 
The major  effect of fluid viscosity i n  the generation region 
appears  lto be the creation of a vortex near  the leading edge of the r is ing 
o r  falling bed section. Fig. 5. 19 shows the vortex s t ruc ture  for  both a 
positive and negative half-sine bed displacement with generation para-  
m e t e r s  identical to those given by Eq. (5 .5 )  which were used in the 
photographic sequence shown in  Fig. 5.13a and 5.13b. The effect of 
this vort~ex on the wave amplitudes and temporal  variations in  the 
generation region appears  to be sma l l  a s  evidenced by the agreement 
Fig .  5 .19  Vortex  genera t ion  at leading edge  of moving bed sect ion;  
a )  bed up th rus t ,  b )  bed downthrow. 
Fig.  5. 19 Vor tex  genera t ion  at leading edge  of moving bed sect ion;  
a) bed up th rus t ,  b) bed downthrow. 
of theory and experiment  i n  this region which was discussed i n  Sections, 
5 .1 .1  and 5.1.2.  
5 . 1 . 5  The Three-Dimensional Model i n  the Generation Region. 
Generally,  waves created i n  na ture  by moving boundaries 
involve a m o r e  complex pa t te rn  of wave pro,pagation than descr ibed by 
the s imple  two-dimensional model presented i n  Chapter 3. In the two- 
dimensional model  wave propagation occurs  i n  one coordinate direction 
while i n  ithe m o s t  genera l  ca se ,  sur face  wave propagation occurs  i n  two 
coordinate direct ions;  hence,  the fluid domain m u s t  be descr ibed three  
dimensionally. 
A s imple  three-dimensional  model  was presented i n  Section 3 .4  
i n  which the fluid domain was descr ibed by the coordinates ( r ,  O ,  z ) ,  
and a l i nea r  solution for  a c lass  of bed deformations which were  axially 
symmet r i ca l  was developed. The genera l  solution, Eq. (3.102), was 
then applied to the specific bed deformation given by Eq. (3. 103) which 
consisted of a block upthrust  o r  downthrow, c i rcu la r  i n  planform with a 
rad ius  r which moved exponentially in  t ime  ( s e e  Fig. 3 .2) .  The s ize  
0' 
sca l e ,  amplitude sca le ,  and t ime sca l e  fo r  this deformation a r e  defined 
- 
as:  r / h ,  Co /h ,  and tcJg/h, respectively. Assuming the bed deformation to 
0 
be axially symmet r i c  led to a wave s y s t e m  propagating radially into a 
three-dimensional fluid domain. 
The generation region fo r  the th ree  -dimensional (3-D) model i s  
defined a s  the fluid region over  the moving bed section,  i. e.  , r 2 r . 
0 
The positions in  this region corresponding to the l''backwall" and the 
"leading edge" in the two-dimensional model a r e  r / h  = 0 and 
r / h  = r /h,  respectively. It  i s  useful to compare the theoretical 
0 
resul ts  at; these two positions to the r~esul ts  obtained f r o m  the l inear  
theory in the two-dimensional (2 - D )  model. F igs .  5.20a and 5.20b 
show the variation of the relative maximum wave amplitudes, qO/CO, 
computed at  r /h = 0 and r /h  = r /h for a disturbance-size scale 
0 
of r /h = 12.2  a s  a function of the parameter  t &&Ira which will be 
0 C 
t e rmed the t ime-size ratio.  (The cha.racteristic t ime i s  again chosen 
a s  the t ime required for two-thirds of the bled movement to be com- 
pleted. ) Also shown in Figs.  5.20a and 5.20b a r e  corresponding wave 
amplitude: computations for  the two-dimensional model a t  x / h  = 0 and 
x / h  = b/h; these curves f rom Figs.  5.1 anld 5 . 4  a r e  for the disturbance- 
s i ze  scale: b / h  = 12.2. 
Ait r / h  = 0, the same general behavior for  the relative wave 
amplitude, , i s  observed in Fig. 5.2Oa a s  for the two-dimensional 
- 
case.  As the parameter  tcJgh/ro becomes l e s s  than 10-I the wave 
height at  the center of the disturbance becomes constant and equal to 
the total bed displacement, 50 a As the t ime-size ratio approaches a 
value near 10, the relative wave amplitude becomes inversely proportional 
to the t ime-size rat io ,  tcf i / ro,  just a s  in  the analogous two-dimensional 
model. Thus an impulsive, transition, and creeping region of genera- 
tion based on the t ime-size ratio,  t , again may be defined for 
C 
the three-dimensional model in  the same manner as was done in 
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Fig. 5 . 2 0  Theoretical variation of relative maximum wave 
amplitude, , with the time-size ratio, 
t c @/ro; a)  at r / h  = 0, b )  at r / h  = roh. 
Section 5.1.1 for  the 2-D case.  The only difference observed between 
the two and three-dimensional wave a,mplitudes a t  x / h  = 0 and r / h  = Cl 
i s  that a slightly sma l l e r  maximum wave amplitude resu l t s  i n  the t r ans -  
ition and creeping region of generation for  .the 3-D model for a fixed 
value of Ithe t ime-  s ize ratio.  
At the leading edge of the disturbance, r / h  = h ,  the relative 
wave amplitude, q0/50, observed in  Fig. 5. 2Ob for  the 3-D model i s  
s imi lar  in  i t s  general  behavior to the analogous curve for b /h  = 12.2 
for  the two-dimensional model;  however, a sma l l e r  wave resu l t s  fo r  
the 3-D model over the full range of t ime-s ize  rat ios  which were invesiti- 
gated. This behavior i n  the impulsive region of generation for  
r /h = 12.2 suggests that a t  the leading edge of the disturbance the 
0 
ell iptic response of the three-dimensional fluid domain to an impulsive 
bed movement affects l a r g e r  s ize sca les  than i n  the 2-D model. 
Fig.  5 .2 1 shows the maximum value of the rat io ,  , that 
can be reached i n  the impulsive region of generation a t  r / h  = 0 and 
r / h  = r / h  a s  a function of the s ize  scale  r /h. Similar resul ts  
01 0 
for  the two-dimensional model which were shown previously i n  Fig. 5 .7 
a r e  shown i n  Fig.  5.21 for  comparison. (The curves shown for the 3-ID 
model were computed for an exponential bed displacement only; how- 
eve r ,  no difference in  the indicated behavior would be expected for a 
half - sine t ime-displacement his tory of the bed movement a s  was found 
previously for  the 2-D model. Computatio.ns for  these curves were 
- 3 
made for  a t ime-s ize  rat io ,  t @Ira ,  l e s s  than o r  equal to 10 
. ) 
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Fig. 5 . 2 1  Theoretical variation of r~elative maximum wave 
amplitude, q0/C0, with the disturbance-size scale, 
b/h and ro/h,  for impulsive bed displacements. 
At  r / h  = 0 , the wave amplitude, 
, 
is equal to the bed dis - 
placement,  CO, for all disturbance-size sca les ,  ro /h,  grea ter  than 
about four ;  a s imi lar  behavior i s  observed for  the 2 - D  model a t  
x /h  = 0. F o r  r o / h  l e s s  than four ,  the relative wave amplitude, qo/So,  
L dec reases  f r o m  unity until i t  becomes proportional to ( r  /h) for  all  
0 
-1 . 
s i ze  sca les  l e s s  than 10 , 1. e. : 
2 
7,/5, a ( r o / h )  for  r o / h  1 0 - l .  
F o r  the t:wo-dimensional model a t  x / h  = 0 the relative wave amplitude 
became direct ly  proportional to the s ize  sca le ,  b/h,  in the region 
b/h < lom1;  hence, a major  difference in  the behavior of maximum 
wave am,plitudes in  the generation region for  the two and three-dimen- 
- 1 
sional m~odels occurs  for  disturbance-size sca le s  l e s s  than 10 when 
the bed rnovement i s  impulsive. 
A.t the leading edge of the c i rcu lar  clisturbance, i. e .  , r /h  = r /h, 
0 
the rat io ,  qo/C0, approaches 0.5 for  l a rge  dis turbance-size scales;  
however, this value i s  not actually reached until approximately 
r o / h  = 100. F o r  s i ze  sca les ,  r o / h ,  which a r e  l e s s  than 100, the 
relative wave amplitude decreases  f r o m  an asymptotic value of 0.5 with 
decreasing disturbance-size scale .  For  r o / h  < l o - '  the relative wave 
amplitudes a t  both r /h = r /h  and r /h  = 0 become equal and continue 
0 
to dec rease  in  the manner given by Eq. (5.6) with decreasing r /h. In 
0 
the resu l t s  for  the 2-D model a t  x / h  = 0, q / C  became equal to 0.5 
0 0 
near  b/h = 2 and for  s i ze  sca les  l e s s  than two i n  this model, qo/Co 
decreased until i t  was directly proportional to the disturbance-size 
sca le  for  b/h 10-I ( see  Eq.  5.1)  a s  well a s  equal to the relative 
wave amplitude at  x /h  = 0. Hence, the behavior of the maximum wave 
amplitudes in  the generation region for  an impulsive bed movement in 
both the two and three-dimensional models appears  to be identical for 
disturbance-size scales ,  b/h o r  r Jh, grea ter  than approximately 10'. 
0 
The behavior of q /C i s  a lmost  the same for s ize scales  grea ter  than 
0 0 
about four.  F o r  s ize scales  l e s s  than four the behavior of ~ l ~ / 5 ~  i s  
quite different between the two models. 
13q. (5 .6 )  may also be writte.n: 
which appears  to indicate that the displaced water volume a t  the com- 
pletion of the impulsive bed movement (which i s  proportional to rzc0)  i s  
located ,in a region resembling a portion of the upper half of a hemi-  
spherical  shell with a thickness of q and a radius proportional to the 
0 
water depth, h. 
1% addition to the maximum wave amplitudes that occur in  the 
generati.on region of the three-dimensionall model, i t  i s  also useful to 
observe the detailed wave profiles in  the impulsive, transition, and 
creeping regions of generation. Fig. 5 .22  shows the wave profiles in  
each region which a r e  calculated by the l inear  theory, Eq. (3.106), at 
r / h  = 0 and r / h  = r /h for a positive bed displacement. The wave 
0 
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Fig .  5.22 Typical  wave p rof i l e s  i n  e a c h  reg ion  of genera t ion  a t  
r / h  = 0 and r / h  = r o / h  genera ted  by exponential  bed 
d i sp lacements .  
amplituc'e, q, has  been normalized by the total bed displacement, 
co , 
and i s  sllown as  a function of the nondimensional t ime, t m .  A 
disturbance-size scale  of r /h  = 12.2 has 'been used for each profile 
0 
in  Fig. 5 .22  so that a direct  comparison with the theoretical waves 
presented in Fig. 5 .8  for an exponential bed movement in  the two- 
dimensional model i s  possible. (The t ime-size rat io ,  t m / r o ,  for 
C 
each profile i s  indicated in the figure. ) 
1.n the impulsive region of generation a t  r /h = 0 the water 
rapidly r i s e s  to an amplitude equal to the total  bed displacement, Co, 
remains constant for  an interval of t ime, and then rapidly decreases  
to a level of -1. 6c0 below the sti l l  water level.  The water then 
oscillates i n  a damped manner about a mecan position which appears to 
be approaching the S W L  as  t ime increases .  This wave s tructure 
behind the leading wave i s  quite different f r o m  the corresponding wave: 
f o r m  shown in Fig. 5 .8  for  the 2-D model in  which no la rge  negative 
waves t ra i l  the positive leading wave. 
.At r / h  = r /h  in  the impulsive region of generation the water 
0 
sur face  shown in Fig. 5 .22  rapidly r i s e s  to a maximum amplitude and 
immediately decreases  to the S W L  where a l a rge  negative wave is 
formed whose maximum amplitude i s  approximately equal in  absolute 
value to that reached by the positive leading wave. This wave s t ruc ture  
i s  also different f r o m  that observed at  x/h = b/h  for the impulsive 
region of generation in the 2-D model which was presented in  Fig. 5 .8 .  
For  the 2 -D  model the water rose  to a maximum height, To and 
remained constant for an interval of t ime before returning to the sti l l  
water level. The amplitude of the oscillations behind the leading wave 
for the 2-D case  of Fig. 5 .8 were found to be smal l  compared to the 
amplitude of the leading wave. Comjputations of the wave f o r m  for the 
3-D model were terminated before the major  wave sys tem was fully 
developed; however, oscillations appear to be forming about a mean 
level which approaches the SWL asymptotically. 
In the transition region of generation shown in Fig. 5.22 the 
water level a t  r / h  = O  and r / h  = r /h r i s e s  to a maximum amplitude 
0 
and immiediately decreases  to the s t i l l  water level. A negative wave i s  
seen to be trailing the lead wave which appears  to approach the sti l l  
water level in  an asymptotic manner.  In the transition region of Fig. 
5 .8  for  the 2 -D model no negative wave was formed.  
In the creeping region of generation in Fig. 5.22 a smal l  positive 
wave resembling a bore i s  formed at  both r / h  = 0 and r / h  = ro /h .  
This behavior i s  s imi lar  to the waves generated i n  the creeping region 
for  the two-dimensional model shown in Fig. 5.8. 
In summary,  i t  appears  that the s imple three-dimensional model 
of wave generation presented in  Chapter 3 resul t s  in  wave profiles in  the 
generation region which a r e ,  i n  general,  different in detailed s tructure 
f r o m  those produced i n  the two-dimensional model for  analogous gener- 
ation parameters .  In the impulsive region of generation, negative waves 
of l a rge  amplitude t r a i l  the positive leading wave produced by a posit i~re 
bed displacement;  hence, positive waves of l a rge  amplitude would be 
expected to resu l t  f r o m  a negative bed displacement trail ing the 
negative: leading wave. This type of behavior was not observed in  the 
two-dim~ensional model of generation. Hence, the applicability of the 
two-dimiensional model of wave generation appears  to be l imited, in 
general ,  to tectonic earthquakes in  which one coordinate dimension of 
the deformation i s  very l a rge  compared to the other dimension so  that 
locally the wave propagation may be descr ibed by a simple 2-D model 
a s  presented i n  Chapter 3 .  
5.2 THE DOWNSTREAM REGION. 
The downstream region i s  defined a s  the region of the fluid 
domain in which the solid boundary is undisturbed fo r  a l l  t ime;  this 
region i s  defined in  the two and three-dimensional models by Ix 1 > b 
and r > r respectively.  Except for  very smal l  s ize  sca les  
0 ' 
the water par t ic le  motion that occurs  in  the downstream region i s  
caused by waves propagating f r o m  the region of generation. In Chapter 
3 the general behavior of waves propagating i n  the downstream region 
was discussed and a s t rategy was suggested for  determining wave pro-  
f i les  a t  any position in  this region. A review of this discussion i s  
presented in  this section (Subsection 5 .2 .1)  and the suggested strateg-y 
i s  applied to two specific examples of wave generation. This section i s  
concluded (Subsection 5.2.2)  with a discussion of energy dissipation 
present  in  the experimental measurements  made in  the downstream 
region. (No theoretical o r  experime.ntal resul t s  a r e  presented for  the 
three-dimensional model in  the downstream region. ) 
5.2.1 Wave Propagation. 
It  was shown in Chapter 3 that long wave propagation i s  
characterized by the Ursel l  Number: 
which represents  the rat io  of nonlinearities to l ineari t ies  in  a propa- 
gating wave. When the Ursel l  Number i s  much l e s s  than unity a l inear 
theory i s  sufficient in  approximating the wave behavior. When the 
Ursel l  Number i s  much grea ter  than unity, amplitude dispersion 
controls the wave behavior and the l inear  effect of frequency dispersion 
may be ignored. F o r  the special case of qo/h = ~ [ ( h / & ) ' ] ,  i . e . ,  the 
Ursel l  Number i s  of order  unity, the description of the wave behavior 
must  retain the effect of both frequency and amplitude dispersion. The 
Korteweg and deVries (KdV) equation was suggested in Chapter 3 as  the 
appropriate model of wave behavior when qo/h  = 0 [(h/*)'] < 1. 
This special case  i s  of major  importance for long waves since the ratio,  
h /&,  muljt be much l e s s  than unity for these waves. 
The Ursell  Number was also shown in  Chapter 3 to provide an 
excellent indicator for  tracing the evolution of a long wave during prop-- 
agation. Regardless of the magnitude of the UrsePl Number for a 
wave in the downstream region (whose depth i s  uniform), the wave 
always evolves into a shape such that U = O ( 1 ) .  Once this condition 
i s  reached,  the Ur se l l  Number remains  constant during fur ther  propa- 
gation. The region of the fluid domain i n  which amplitude and frequency 
d ispers ion  a r e  of the s a m e  o r d e r  of magnitude,  i. e. , -- U = 0 ( 1 ) ,  was 
te rmed the far-field. In the far-f ie ld  the :KdV equation appears  to be 
the appropria te  descr ipt ion of wave behavior. It was mentioned in  
Chapter 3 that the asymptotic solution of the KdV equation fo r  any 
ini t ia l  condition whose net volume i s  positive i s  a t ra in  of so l i t a ry  
waves (or  soli tons) with the amplitude of ithe waves decreasing toward 
the r e a r  of the t r a in  followed by an osc i l l a tory  tail. The number and 
amplitude of these solitons appear  to be a function of the init ial  profile. 
When the volume of water in  the ini t ia l  wave i s  finite but negative, no 
permanent  wave f o r m s  a r e  possible.  The region of the fluid domain 
(including the generation region) i n  which the Urse l l  Number i s  chang- 
ing frorn i t s  init ial  value to unity was t e rmed  the near-f ie ld .  A l inear  
near-field was said  to ex is t  when the init ial  value of the Urse l l  Number 
i s  muchi l e s s  than unity; a nonlinear near-field was said to exis t  when 
the Urse l l  Number i s  initially much g rea t e r  than unity. 
The wave profiles result ing f r o m  the bed displacements used i n  
the experimental  investigation were  shown i n  Section 5.  1 . 2  to be corn-- 
plex i n  fo rm,  i. e .  , nonperiodic. F o r  waves of this type, m o r e  than one 
Urse l l  IVumber i s  usually required to descr ibe  the en t i re  wave. A 
definition of the Urse l l  Number for  an appropria te  region (which will be 
defined short ly)  of a complex wave was given i n  Chapter 3 as :  
where 11 i s  the maximum wave amplitude in  the region and I I qx I I i s  
0 
the maximum value of the slope of the wave profile in  that region. An 
"appropriate" region for  a complex wave may be defined as  the region 
of wave s tructure between points at  which the slope of the wave profile 
becomes zero ,  i. e . ,  Qx = 0. Hence, any complex wave may be divided 
into appiropriate regions and charact~erized by various Ursell  Numbers 
a s  given by Eq. (5.9). (When Eq. (5.9)  i s  applied to the solitary wave 
a s  given by Boussinesq (1872), the Ursell  Number i s  found to be equal 
to 2 .37  in  each of the two s imi lar  regions of the wave profile. ) In 
deciding on the applicability of the l inear  theory in predicting the 
ent i re  wave profile, the Ursell  Number wiith the la rges t  magnitude 
m u s t  be considered. In general,  the l a rges t  Ursel l  Number will be 
found in the leading region of a complex wave, since longer wave com- 
ponents with l a rge r  character is  t ic lengths t ravel  fas ter  than shor ter  
components and thus appear at  the front of the wave train.  The actual 
computation of Ursel l  Numbers by Eq. (5. 9 )  for  specific complex wave! 
shapes will be i l lustrated shortly. 
When a l inear  near -field exis ts ,  a possible s t rategy for finding 
the wave profile a t  any downstream position was suggested in  Chapter 3 .  
The l inear  theory may be used until the Ursel l  Number indicates that 
nonlinear effects a r e  becoming of the same o rde r  of magnitude a s  the 
l inear  effects. At this point the profile calculated by the l inear theory 
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may be used as  an initial condition for the K,dV equation which may then 
be so1ve;d to give the wave profile a t  any desired position in the down- 
s t r e a m  region. This i s  the s t rategy adopted i n  this section to invest- 
igate wa,ve profiles in  the downstream region. 
13ue to the complexity of the analytical solution of the KdV 
equation, a numerical solution algorithm i s  adopted. The numerical 
model i~lvolves the KdV equation in  a fo rm given by Eq. (3.80) which 
was used by Peregr ine  (1966) to study the development of undular bores.  
Peregr ine  found that a straight-forward finite-difference approximation 
of Eq. (3.80) was stable. Using forward dlifferences in  time and central  
differences in  space the finite-difference representation of Eq. (3.80) 
is :  
where u 
a ?  5 = u ( 6 ~ x ,  t ~ t ) ,  6 = l , ~ ,  . .. , - n, < = 0 ,  1 , 2 ,  ..., - m ,  
Ax i s  the nondimensional grid spacing, and At i s  the nondimensional 
t ime step. The initial values of the average horizontal velocities, 
u 
a , < ?  cisn be found f r o m  Eq. 
(3.81) at  each of the 2 spatial nodes 
since the water surface amplitude, 11, is known. (For  a small  initial 
wave profile the approximation u - 670 - Ta, 0 
appears  to be sufficient. ) 
The velocities a t  the next t ime step, i. e .  , 
u6, 1' can then be found in 
t e r m s  of the initial values by writing Eq. (5.10) a t  each of the n nodes 
- 
which yields a sys t em of - n simultaneous algebraic  equations in the 
- n 
unknown velocities. These velocities can then be determined by solving 
the simu.ltaneous equations using standard techniques of ma t r ix  algebra. 
The valu.es of the water par t ic le  velocities a t  the next t ime s tep  can be 
found i n  a s imi lar  manner;  hence, this procedure can be repeated for  
a s  many time s teps a s  required and the water sur face  elevation, T, at 
any time s tep can be  found f r o m  the water par t ic le  velocities by Eq. 
(3.81).  As in  the work of Peregr ine ,  Ax and At a r e  taken to be equal 
for  convenience and will be r e fe r red  to a s  A. 
The accuracy of the finite-difference approximation given by 
Eq. (5. 10) over a specific t ime interval,  =At, i s  easily checked by 
propagating a sol i tary wave over the same  t ime interval.  Since the 
sol i tary wave i s  an exact solution of Eq. (3.80),  the wave profile should 
propagate unchanged. Changes of the wave profile that do occur r ep re -  
sent the inaccuracy of the finite-difference approximation, Eq. (5. l o ) ,  
to the original par t ia l  differential equation, Eq. (3.80).  A convenient 
measure  of this e r r o r  (commonly r e fe r red  to a s  numerical viscosity o r  
dispersion)  i s  the reduction of the sol i tary wave amplitude that occurs  
during wave propagation. The accuracy of the numerical approximation 
m a y  be improved by decreasing the s tep s ize ,  A, ( see  Peregr ine  (1966)). 
In the resu l t s  that follow, the s tep s ize ,  A ,  was chosen by f i r s t  propa-- 
gating a soliton of amplitude comparable to the waves under consider - 
ation and reducing the s tep s ize until the percentage reduction in  the 
soliton a.mplitude a t  the end of propagation was acceptable. 
In order  to i l lustrate  the use  of the Ursel l  Number for complex 
waves atnd to apply the suggested s trategy for  finding waves whose net 
volume is positive in the downstream region of the two-dimensional 
model, an exponential bed displacement with the following generation 
parameters  has  been investigated: 
F r o m  Fig.  5.1 the t ime-size rat io  in Eq. (5.11) is seen to l ie  in  the 
impulsive region of generation. Sections 5.1.1 and 5.1.2 also indicate 
that the l inear  theory should be applicable in  the generation region for  
these generation pararne t e r s ;  hence, a l inear  near  -field should exist. 
The experimental resul ts  a t  the downstream positions : 
(x-b)/h = 20, 180, and 400 and a t  the leading edge, x / h  = b/h or 
(x-h) /b  = 0, a r e  shown in Fig. 5 .2Ja where the wave amplitude, T, 
i s  norm.alized by the water depth, h ,  and shown as  a function of the non- 
dimensi.ona1 t ime,  t m  - (x-b)/h.  If the Ursel l  Nunnber in  the leading 
region of each wave i s  calculated by taking q a s  the maximum ampli- 
0 
tude attained by the leading wave and 1 1  q I to be the maximum slope X 
of the leading face of the wave, then the values shown in  Fig. 5.23a 
a r e  found. (All values of the Ursell  Number a r e  rounded to one signif'i- 
cant digit since only an order  of magnitude i s  indicated by Eq. (5.9).)  
No Ursel l  Number i s  indicated a t  (x-b)/h = 0 since the water movement 
a t  this position i s  a combination of the generation process  and propa- 
gation; hence, i t  i s  not appropriate to define an Ursell  Number for the 
wave. At (x-b)/h = 20 the Ursel l  Number i s  found to be 0.7 which i r s  

nearly of o rde r  unity; hence, within twenty depths of the generation 
region, amplitude dispersion appears  to have become of the s a m e  order  
of magnitude a s  frequency dispersion. At (x-b) /h  = 180 and 400 the 
Urse l l  Number inc reases  only slightly to values of two and three,  r e s -  
pectively. The Urse l l  Number in  the leading region of the wave i s  thus 
of o rde r  unity a t  a l l  the downstream positions which indicates that the 
KdV equation should be used to descr ibe the wave behavior a t  these 
positions. (Note that the Urse l l  Number found a t  (x-b) /h  = 180 and 
400 i s  approximately the same  a s  that found for  the sol i tary wave of 
Boussinesq. ) 
F o r  the measured wave a t  (x- b) /h  = 0, i. e .  , the leading edge, 
the water surface r i s e s  rapidly to a maximum amplitude (q  /h  ' 0.047), 
0 
remains  reasonably constant for  an interval  of t ime,  and then rapidly 
dec reases  to the s t i l l  water level.  (This wave profile a t  the leading 
edge of the disturbance i s  charac ter i s t ic  of waves generated by impul-. 
sive bed movements for  which the s ize  sca le ,  b/h,  i s  grea ter  than 
apprsxi.mately two. ) At (x-b)/h = 20 undulations which a r e  caused by 
frequency dispersion have formed about the level qo/h 0.047 on the 
lead wave. At (x-b)/h = 180 the nodal period of the leading wave has  
increased  a s  the wave appears  to be separating into individual waves. 
Note that these individual waves appear to be symmetr ica l  in  shape and 
their  troughs do not go below the s t i l l  water level ;  to some extent, they 
resemble  sol i tary waves. 0 s  cil latory waves of smal l  amplitude and 
shor t  periods a r e  observed to be trail ing the lead wave at  this position. 
At (x-b)/'h = 400 the nodal period of the lead wave continues to increase 
as the separation into individual waves continues. The troughs of the 
individual waves appear to be mo.ving toward the sti l l  water level and 
the waves remain symmetrical .  The trailing waves a t  (x-b)/h = 400 
appear to have increased slightly in amplitude and period. 
The wave profiles at  each position: (x-b)/h = 0, 20, 180, and 
400, a s  calculated by the l inear  theory a r e  shown in Fig. 5.23b. At 
the leading edge, (x- b)/h = 0, the l inear  theory agrees  well with the 
experimental profile except, a s  expected, for a small  discrepancy in 
estimating the nodal t ime. At (x-b) /h  = 20 the undulations trailing 
the lead wave a r e  l a rge r  in  amplitude than those of the measured pro-  
fi le in  Fig. 5.23a. A possible explanation for this discrepancy i s  
indicated, by the Ursell  Number for  the measured profile at  (x-b)/h = 2!0 
which i s  of order  unity; hence, amplitude dispersion i s  approximately 
equal in  magnitude to frequency dispersion and has thus reduced the 
effects of frequency dispersion for this positive wave. 
Pit (x-b)/h = 180 the temporal variations of the wave predicted 
by the l inear  theory no longer agree  well with the measured profile. 
Frequency dispersion, unhindered by amplitude dispersion in  the l inear  
theory, has continued to d isperse  the leading wave into i t s  spectral  
components a s  evidenced by the wave groups trail ing the lead wave. 
These wave groups exhibit the well-known beat phenomena found in 
l inear  wave theories .  At the position furthest  downstream, (x- b)/h=400, 
the differences in  the temporal variations between the l inear  theory and 
measured profiles have increased as  frequency dispersion continues to 
f o r m  wave groups 'behind the lead wave. 
The Ursel l  Number of the leading wave is also shown for the 
profiles found f r o m  the l inear  theory in  Fig. 5.23b. At  (x-b) /h  = 20 
the Ursell  Number has already become of o rde r  unity for the l inear 
profile just a s  indicated by the measured profile in  Fig. 5.23a. During 
further  propagation the Ursel l  1Vumber continues to grow as  shown at  
the downistream positions: (x-b)/h = 180 and 400, where U = 8 and 
12, respectively. This growth of the Ursel l  Number during propagation 
i s  character is t ic  of the l inear  theory since frequency dispersion separ-  
a tes  the initial wave into i t s  spectral  components with the longer com- 
ponents travelling fas tes t  and thus appearing at  the front of the wave 
t ra in .  This behavior suggests that the length of the l inear  near -field 
may  be found easily by using the l inear  theory until the Ursel l  Number 
in  the leading portion of the calculated wave becomes sf order  unity. 
F o r  the waves shown in Fig. 5.23b the length of the near-field appears 
to be on the o rde r  of twenty depths f r o m  the region of generation. 
It i s  interesting to note that the maximum amplitude of the lead - 
ing wave computed by the l inear  theory a t  the downstream positions 
ag rees  well with the maximum amplitudes of the measured waves; 
however, i t  should be pointed out that the reduction in the measured 
wave arr~plitudes due to viscous energy dissipation i s  probably quite 
la rge .  'Thus, the agreement between the maximum amplitudes p re -  
dicted by the l inear  theory and the rneasurled wave amplitudes i s  
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probably coincidental. (The effects of energy dissipation occurring 
during wave propagation will be discussed in Section 5 . 2 . 2 .  ) 
Following the suggested s trategy for determining wave behavior 
in  the far-field,  the l inear  theory at  (x-b)Jh = 20, (which agrees  r e a -  
sonably well with the measured profile) has been used as  the initial 
condition for  the KdV equation. For  the numerical propagation of this 
initial c:ondition, a nondimensional step s ize,  A, in space and time, of 
0.3 was used . The maximum amplitude of a sol i tary wave with an 
initial h~eight of qo/h = 0.05 was found to decrease  by 14% as  a resul t  
of numerical dispersion when propagated a distance of 380 depths. It: 
should be noted that numerical dispersion was observed to change the 
shape of the sol i tary wave in a manner s imi lar  to the effect of frequency 
dispersion shown in Fig. 5.23b, i. e .  , waves of smal ler  amplitude ant1 
frequency a r e  lef t  behind the leading wave. 
The profiles computed by the KdV equation a t  the positions 
(x-b) /h  = 180 and 400 a r e  shown in Fig. 5 . 2 3 ~ .  Ursell  Numbers for 
the front region of the lead wave a r e  also shown. The temporal vari-  
ation of the KdV profile a t  (x-b) /h  = 180 m o r e  closely resembles the 
experimental profile a t  this position than that computed by the l inear  
theory. The leading wave of the KdV profile appears  to be separating 
into individual waves (or  solitons) in  the same manner as  the measured 
profile in  Fig. 5.23a. The major  difference i n  the computed and m e a s  - 
ured profiles i s  found in the maximum wave amplitudes which a r e  
much l a~rge r  for  the computed wave. (A possible explanation for this 
behavior will be discussed. ) Note that the Ursel l  Number in  the front 
region of the wave profile computed by the KdV equation has remained 
of ordeir unity just a s  in  the measured profile. 
At (x-b)/h = 400 the temporal variation of the leading wave 
computed by the KdV equation resembles the measured leading wave 
much better than the variation computed by the l inear  theory. The 
leading wave appears  to be separating into solitons which a r e  followed 
by a t ra in  of oscillatory waves. The Ursel l  Number remains constanl: 
a t  a value of three during the propagation by the KdV equation in the 
same  manner a s  observed i n  the measured profile.  
At the fur thest  position downstream, (x-b)/h = 400, the maxi-  
m u m  amplitude of the leading wave computed by the KdV equation i s  
approximately 40% la rge r  than the maximum amplitude of the measured 
wave profile. If the maximum wave amplitude computed by the KdV 
equation i s  increased by 14% to correc t  for  the possible decrease  in  
amplitude resulting f r o m  numerical dispersion, the computed wave 
amplitude becomes approximately 5470 l a rge r  than the observed wave 
amplitude. This 54% difference between theoretical and experimental. 
amplitudes of the lead wave i s  probably a resul t  of energy dissipation 
due to  viscous effects in  the laboratory model. 
Comparison of the location of the f i r s t  c r e s t  in  the leading 
waves a t  (x-b)/h = 400 in Fig. 5.23a and. 5 . 2 3 ~  indicates that the wave 
comput:ed by the KdV equationhas anaverage  celerity of approximately 
2 -  1 /2%1 grea ter  than the experimental wave. The average velocity of' 
the computed wave profile between (x-b)/h = 20 and 400 i s  approxi- 
mately ,/-) = 71.8 c m / s e c  where qo is the average-maximum 
wave amplitude over the propagation distance (q ' 0.25 cm).  The 
0 
average velocity of the experimental wave between (x-b)/h = 20 and 
400 i s  closely approximated by & = 70 cm/sec .  This smal l  d is -  
crepancy may be due to measurement  e r r o r  since g(hSq ) i s  expectetl r
to be a better representation of wave celer i t ies  for  long waves of finite: 
ampli tucle . 
The positions of the centroid for  each measured wave profile at: 
the downstream positions: (x-b)/h = 20, 180, and 400, a r e  also 
indicated in Fig. 5.23a. The centroid position, X, i s  defined by: 
which was approximated by numerical integration for each wave record 
a t  the downstream locations. In the absence of viscous forces the cen- 
troid vellocity downstream should remain constant; this behavior has 
been dernonstrated rigorously for water waves recently by Benjamin and 
Mahony (1971) and can be seen by the d i rec t  application of Newton's 
f i r s t  principle. When viscous forces a r e  present ,  the centroid velocity 
i s  expected to decrease.  The average velocity of the centroid between 
the positions (X-b)/h = 20 and 180 shown in  Fig. 5.23a i s  69 .36  c m /  
sec  and between (x-b)/h = 180 and 400 the average velocity i s  68.62 
cm/s  ec.  Thus, approximately 1 % reduction in  the average centroid 
velocity appears  to occur between the downstream positions. It should 
'be noted that this slight decrease  in  the average centroid velocity i s  
probably also within the range of expected e r r o r  for  determining the 
centroid position f r o m  a digitized wave record;  hence, definite 
conclusic~ns cannot be made. However, it does appear that the effect 
of viscosity on the centroid velocity of a propagating wave i s  much 
l e s s  than on the wave amplitudes. 
It should be noted that the total volume pe r  unit width in  the 
experime:ntal wave profiles a t  each downstream position i n  Fig. 5.23a 
(given by the integral in  the denominator of Eq. (5.12)) was never found 
to vary m o r e  than 6% f r o m  the known volume of the bed displacement, 
i. e . ,  Cob = 30.5 cm3/cm.  
It i s  a lso of in te res t  to investigate numerically the asymptotic 
behavior computed by the KdV equation for long waves whose net volume 
is positive. As stated previously, a trainof solitons should evolve f r o m  
any initial profile of this type. In o rde r  to study this behavior, the 
measured  wave profile a t  (x-b) /h  = 400 f r o m  Fig. 5.23a was chosen a!; 
the initial condition and then propagated numerically by the KdV equation 
a distance of 700 depths fur ther  downstream to (x-b) /h  = 1100. (A non- 
dimensional s tep in  space and time of 0 .3 units was chosen. Over the 
propagation distance of 700 depths a 25% reduction in the amplitude of 
sol i tary wave due to numerical dispersion was observed with this 
nondimensional s tep s ize.  ) 
F i g .  5 . 2 4  shows the wave p rof i l e s  computed by the KdV equation 
at the  d o w n s t r e a m  posit ions:  ( x - b ) / h  = 600, 800,  1000, and 1100. 
T h e  wave ampl i tude ,  q, h a s  been normal ized  by the  wa te r  depth and i s  
shown a s  a function of the nondimensional  t i m e ,  tm - (x -b ) /h .  At 
e a c h  posiition the  leading wave continues to s e p a r a t e  into individual  
waves a s  the  peaks  gradual ly  s e p a r a t e  and the  t roughs  approach  the  
s t i l l  wa te r  level .  E a c h  wave r e m a i n s  s y m m e t r i c a l  and h a s  the a p p e a r -  
a n c e  of is s o l i t a r y  wave. The t rough  behind the th i rd  peak ac tual ly  goes  
below the  still wa te r  l e v e l  a t  (x -b ) /h  = 600 and continues to d r o p  a t  the 
r e m a i n i n g  d o w n s t r e a m  posi t ions .  This  behavior  is probably  the  result: 
of the  n u m e r i c a l  d i s p e r s i o n  p r e s e n t  i n  the f in i t e  -d i f ference  approxi  - 
m a t i o n  s i n c e  l a r g e  negative wave ampl i tudes  would not be consis tent  
with t h e  expected asympto t i c  wave behavior .  
The U r s e l l  Number  f o r  the leading reg ion  of e a c h  wave f o r m  a t  
( x - b ) / h  = 400, 600, 800, 1000, and 1100 i s  a l s o  indicated  i n  F ig .  
5 .23.  E:q. ( 5.9  ) was u s e d  i n  the  computat ion where  q was taken a s  
0 
the  m a x i m u m  ampl i tude  of the  leading wave and the  m a x i m u m  s lope  of 
th i s  wave prof i le  is defined a s  1 1  rix 1 At e v e r y  d o w n s t r e a m  locat ion 
the  U r s e l l  Number  r e m a i n s  constant  a t  a value  of t h r e e ,  i. e. , of o r d e r  
unity.  l i e c a l l  tha t  th i s  a sympto t i c  value of the U r s e l l  Number  i s  appro-  
x i m a t e l y  equal  to tha t  found f o r  a s o l i t a r y  wave (U - = 2.37).  
When a negative bed d i sp lacement  o c c u r s ,  a wave is genera ted  
i n  which the  ne t  volume is negative;  hence ,  no soli tons a r e  expected to 
develop i n  the  d o w n s t r e a m  region.  Amp1it:ude and f requency  d i s p e r s i o n  
Fig .  5.24 Asympto t i c  wave b e h a d o r  computed by the  KdV equat ion  
f o r  waves  with a n e t  pos i t ive  volume.  
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i n  a negative wave (q < 0 )  both a c t  to d i s p e r s e  the  wave; thus ,  no 
p e r m a n e n t  f o r m  waves a r e  poss ib le  even  when t h e s e  two effec ts  a r e  
equa l  i n  magni tude ,  i. e .  , - U = O(1). (I t  should be noted that  negative 
s o l i t a r y  waves  a r e  found to be poss ib le  when s u r f a c e  e n e r g y  ef fec ts  
a r e  included i n  the  d e s c r i p t i o n  of the wave mot ion;  however ,  f o r  th is  
to  o c c u r  the  wa te r  depth m u s t  be less than 0 , 4 7  c m  ( s e e  Korteweg and 
d e V r i e s  (1895). ) 
In  o r d e r  to  i l l u s t r a t e  the  d o w n s t r e a m  behavior  of the waves 
resu l t ing  f r o m  a negative bed d i s p l a c e m e n t  and the applicat ion of the 
suggested  s t r a t e g y  f o r  de te rmin ing  d o w n s t r e a m  wave p rof i l e s ,  a n  
exponential  bed m o v e m e n t  with the following genera t ion  p a r a m e t e r s  
h a s  been  inves t igated:  
The t i m e - s i z e  r a t i o  i n  Eq. (5 .13)  can  be s e e n  f r o m  F ig .  5. 1 to lie i n  
t h e  impuls ive  reg ion  of genera t ion .  A l i n e a r  theory  is a l s o  applicable 
f o r  desc r ib ing  the  wave mot ion  i n  the  genera t ion  reg ion  f o r  the  p a r a m -  
e t e r s  given i n  Eq. (5. 13) ( s e e  Sect ions  5 . 1 . 1  and 5 .1 .2 ) .  
The m e a s u r e d  p rof i l e s  found a t  the  l ead ing  edge  of the d i s t u r b -  
a n c e ,  (x -b ) /h  = 0 and at the  d o w n s t r e a m  posi t ions  of (x- b) /h  = 20, 
180, and 400 a r e  shown i n  Fig .  5.25a.  The wave ampl i tude ,  v,, h a s  
been normal ized  with r e s p e c t  to the  wa te r  depth ,  h ,  and is shown a s  a 
function of the  nondimensional  t i m e ,  tm - ( x - b ) / h .  Two U r s e l l  
Numbers  a r e  shown i n  F ig .  5 . 2 5 a  f o r  each  wave p rof i l e  a t  the  down- 
EXPONENTIAL BED DISPLACEMENT 
NOTE:  ( 1 )  Profile from llneor theory of 
(x-b)/h=20 used as inltlal condltion 
far KdV equatlon computatlona ot 
(x-bi /h=l80 ond 4 0 0 .  
(2) The symbol 0 indicates the centrold 
of the exper~mentol wave proflie 
0 0 2  
Fig.  5 .25  Downstream wave profi les generated by an impulsive,  
bed ~"wiit;ii;owi a) b )  eomp.Gted 
by l i nea r  theory,  c) computed by KdV equation. 
EXPERIMENTAL PROFILE COMPUTED PROFILE: LINEAR THEORY COMPUTED PROFILE: KdV EQUATION 
(see note I below) 
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s t r e a m  positions (x-b) /h  = 20, 180, and 400. The f i r s t  Ursel l  Number, 
_U1, corresponds to the front  region of the lead wave and i s  based on the 
maximum negative amplitude of this wave, qo , and the maximum slop~e 
reached by the water surface in  decreasing to that elevation. The 
second lJrsel l  Number, - Uz, corresponds to the r e a r  region of the lead 
wave anld i s  based on the total change in water level f rom -q until the 
0 
slope of the water surface becomes zero  again and the maximum slope 
of the r e a r  face of the leading wave. Note that the Ursel l  Number, _ U p ,  
i s  negative since the change i n  water level i s  negative in  the front 
region of the leading wave while _U, i s  positive since the water level i s  
increasing in  the r e a r  region of the wave. The reason for computing 
two Ursel l  Numbers for  the leading wave will become evident shortly.  
14t the leading edge of the disturbance, (x-b)/h = 0, i n  Fig. 
5 .25a th.e water level rapidly decreases  to a maximum amplitude, 
?l0/h -0.05, remains constant for  an interval  of t ime,  and then 
rapidly r i s e s  to the s t i l l  water level about which i t  oscil lates in a 
damped manner .  This profile i s  s imi l a r  to a l l  profiles a t  (x- b)/h = 0 
created by a negative bed movement which i s  impulsive ( see  Section 
5.1.2) .  Urse l l  Num'bers a r e  not calculated for  this wave since the 
water m.ovement h e r e  i s  a combination of the generation process  and 
propaga.tion. 
At (x-b)/h = 20 the water level  rapidly decreases  to a minimum 
elevation, oscil lates about this elevation for  an  interval  of time, and 
then rapidly r i s e s  to the s t i l l  water ]Level about which i t  oscil lates in a 
damped manner.  The Ursel l  Numbers in  both the front and r e a r  regions 
of the lead wave a r e  of order  unity; hence, amplitude and frequency 
dispersion a r e  of the same o rde r  of magnitude after only twenty depths 
of propagation. Comparison of this profile with the measured profile 
at (x-b)/h = 20 for the case of bed uplift i n  Fig. 5.23a indicates that 
the two profiles a r e  nearly the m i r r o r  image of one another. The 
major  difference bewteen these two profiles exis ts  in  the oscillatory 
waves trailing the lead wave which a r e  l a rge r  and more  numerous for 
the case  of bed downthrow. This difference i s  probably due to the 
presence of amplitude dispersion which i s  acting to decrease  the effect: 
of frequency dispersion for the positive wave and i s  increasing the 
dispersion process  for the negative wave. 
l i t  (x-b)/h = 180 in Fig. 5.25a the Ursel l  Number, _U1, has 
increased (in absolute value), an order  of magnitude to a value of minuis 
thirty; hence, in  the front region of the leading wave amplitude d isper-  
sion i s  dominating wave behavior. This i s  evident by the increase  in 
distance (or  t ime) required for the water level to decrease  f r o m  the 
s t i l l  water level to the maximum negative elevation. In the r e a r  region 
of the leading wave the Ursel l  Number has remained of order  unity 
(U, - = 1 :I; hence, amplitude and frequency dispersion a r e  remaining of 
the same order  of magnitude. Large-amplitude oscillatory waves a r e  
forming behind the negative leading wave. Comparison of this wave 
profile and the corresponding profile in  Fig. 5.23a for a positive bed 
movement shows that the two wave profiles a r e  no longer the m i r r o r  
i m a g e  of e a c h  o the r .  The d i f fe rence  i n  tl?e two prof i l e s  is  the  r e s u l t  
of the  olpposite ac t ion  of ampl i tude  d i s p e r s i o n  'between posi t ive  and 
negative waves .  
.At (x-  b ) / h  = 400 the U r s e l l  Number  i n  the  f r o n t  r eg ion  of the  
leading wave h a s  i n c r e a s e d  to _U1 = -55 as ampl i tude  d i s p e r s i o n  con- 
t inues  to domina te  f requency  d i s p e r s i o n  and the  "s t re tching"  of the  
f r o n t  f a c e  of the  negat ive  wave continues.  The  Urseln Number i n  the 
rear reg ion  of the  leading wave i s  s t i l l  of o r d e r  unity (TJ, = 2) .  The 
t r a i n  of o s c i l l a t o r y  waves following the  negative l ead  wave appear  to 
be i n c r e a s i n g  i n  c r e s t  - to- t rough ampl i tude  as propagat ion continues.  
Wave p rof i l e s  at ( x - b ) / h  = 0,  20, 180, and 400 calcula ted  by 
the  l i n e a r  theory  f o r  the  genera t ion  p a r a m e t e r s  given by Eq. (5. 13)  a r e  
shown i n  Fig .  5.2513 where  the  norrr~alizecl wave ampl i tude ,  q l h ,  i s  
shown a,s a function of the  nondimensional  t i m e ,  t , m  - ( x - b ) / h .  The 
U r s e l l  Number  i n  the  f r o n t  r eg ion  of the leading wave a t  e a c h  down- 
s t r e a m  posi t ion  i s  a l s o  shown. (No U r s e l l  N u m b e r s  have been ca lcul -  
a ted  i n  the rear reg ion  of the  leading wave. ) At (x -b) /h  = 0 and 20 the 
p ro f i l e s  computed by the  l i n e a r  theory  a g r e e  wel l  with the  m e a s u r e d  
p rof i l e s  at the  cor respond ing  d o w n s t r e a m  pos i t ions  i n  F ig .  5.25b. The 
U r s e l l  Number  i n  the  f r o n t  r eg ion  of the l ead ing  wave computed by the 
l i n e a r  theory  h a s  a l r e a d y  become of o r d e r  unity (and negat ive)  a t  
(x -b ) /h  = 20; hence ,  the  l i n e a r  nea r - f i e ld  h a s  ended within twenty 
depths  of the  genera t ion  region.  This  behavior  was a l s o  indicated  by 
the  m e a s u r e d  p rof i l e  i n  F ig .  5.25a.  
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At (x-b)/h = 180 the temporal variations and the amplitudes of 
the profile calculated by the l inear  theory no longer agree  well with the 
measured  profile i n  Fig. 5.25a. The differences a r e  a resu l t  of ampli-  
tude dispersion a s  indicated by the Ursel l  Numbers,  _U1. For  the corn- 
puted profile - Up = -8 whereas US := -30 for the measured profile. 
- 
The inc rease  in  - U1 (in absolute value) f r o m  (x-b)/h = 20 to 180 
indicated for  the wave profile computed by the l inear  theory i s  a resul t  
of the decomposition of the wave into its spec t ra l  components by 
frequency dispersion. 
,4t (x-b) /h  = 400 the differences between the temporal  variations 
and amplitudes of the wave profile computed by the l inear  theory and 
the measured profiles inc rease  a s  amplitude dispersion continues to 
affect the actual wave behavior. The Ursel l  Number for  the computed 
wave has increased to - U, = - 12 a t  this position which alone suggests 
that the l inear  theory i s  no longer descriptive of wave behavior a s  i s  
observed. 
Following the suggested s t rategy for  computing wave profiles in 
the downstream region, the wave profile computed by the l inear  theory 
a t  (x-b)/h = 20 has  been used as  the initial condition for  the KdV 
equation and then propagated numerically to (x-b)/h = 400. The Urselll 
Number for  the l inear  profile indicated that amplitude and frequency 
dispersion had become of the s a m e  o rde r  of magnitude a t  (x-b)/h = 20; 
hence, the far-field has  been reached and the KdV equation should now 
be used to propagate the wave. Again a nondimensional t ime and s ize  
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s t e p ,  A ,  of 0 .3  h a s  been used f o r  the f in i te-di f ference  approximat ion 
of the  KdV equation (Eq.  (5. 10)) .  Reca l l  tha t  a s o l i t a r y  wave with a n  
in i t i a l  ampl i tude ,  7 / h  = 0.05,  was  found to d e c r e a s e  i n  ampl i tude  by 
0 
1470 when propagated a d i s t a n c e  of 380 depths  a s  a r e s u l t  of numerical .  
d i s p e r s i o n .  
'The p rof i l e s  computed by the  KdV !equation a t  ( x - b ) / h  = 180 and 
400 a r e  shown i n  F ig .  5 . 2 5 ~  where  the  normal ized  ampl i tude ,  q /h ,  is 
- 
shown a s  a function of the nondimensional  t i m e ,  t,,/'g/h - ( x - b ) / h .  The 
U r s e l l  N u m b e r s ,  and - U2, f o r  the  leading wave of the  computed 
p rof i l e s  a r e  a l s o  indicated  i n  the  f igure .  .At ( x - b ) / h  = 180 the t e m p o r a l  
var ia t ion  of the leading wave computed by t h e  KdV equation a g r e e s  wel.1 
with the  m e a s u r e d  wave shown i n  Fig .  5.25a.  The  a g r e e m e n t  i s  indi -  
cated f u r t h e r  by the U r s e l l  Numbers  which are given by - U1 = -25 and 
U2 = 3 f o r  the  computed p rof i l e  and Uf = -30 and U, = 3 f o r  the 
- - - 
m e a s u r e d  profi le .  Hence,  the  KdV equation a p p e a r s  to  p r o p e r l y  m o d e l  
the  s t r e tch ing  of the  f r o n t  f ace  of the  leading wave and the balance  of 
f requen~cy  and ampl i tude  d i s p e r s i o n  i n  the  rear reg ion  of th is  wave. 
.At (x -b ) /h  = 400 i n  F ig .  5 . 2 5 ~  the  p ro f i l e  computed by the KdV 
equation continues to a g r e e  wel l  with the  m e a s u r e  p ro f i l e  i n  i t s  t e m p o r a l  
var ia t ion .  In the f r o n t  r eg ion  of the  computed leading wave the  U r s e l l  
Number  h a s  g rown to - U1 = -61 c o m p a r e d  to _U1 = -55 f o r  the m e a s u r e d  
p rof i l e .  In the r e a r  r eg ion  of the  leading wave,  the U r s e l l  Numbers  a r e  
equa l  and of o r d e r  unity f o r  both the  m e a s u r e d  and computed prof i le .  
The m a j o r  di f ference between the m e a s u r e d  and computed pro-. 
f i l e s  a t  ( x -b ) /h  = 180 and 400 i s  found i n  the amplitudes of the leading 
waves and the  t ra i l ing t r a i n  of osc i l l a to ry  waves. The measu red  l e a d -  
ing wave amplitude a t  (x -b) /h  = 400 i s  36% s m a l l e r  ( in absolute value) 
than the  amplitude of the  wave computed by the KdV equation a t  th is  
position. If the leading wave amplitude i s  i nc r ea sed  i n  absolute value 
by 14% to c o r r e c t  fo r  numer ica l  d i spers ion ,  the  di f ference i n  measu red  
and cowlputed amplitudes i n c r e a s e s  to 5070. (Reca l l  that  a 54'70 di f fer-  
ence  between m e a s u r e d  and computed leading wave amplitudes was 
found a t  (x -b) /h  = 400 in  Fig.  5 .23a and Fig .  5.23c.I I t  should be 
noted that  when the leading wave amplitude computed by the  KdV equation 
i s  i nc r ea sed  by 1470 to c o r r e c t  f o r  numer ica l  d i spers ion ,  the wave 
ampli tudes  behind the leading wave m u s t  be dec rea sed  i n  a l ike  manner  
i n  o r d e r  to sa t i s fy  the r equ i r emen t  of the conservat ion of wave volume. 
Hence,  the l a r g e  amplitude osc i l l a to ry  waves behind the  computed 
leading wave in  Fig .  5 . 2 5 ~  would be reduced i n  amplitude and would 
then a g r e e  bet ter  with the  m e a s u r e d  osc i l l a to ry  waves. As indicated i n  
the d i scuss ion  of Fig .  5 .23,  the di f ference between the computed and 
observeld amplitudes i s  probably a r e s u l t  of energy  diss ipat ion due to 
viscous  effects i n  the exper imenta l  m e a s u r e m e n t s .  
I t  can be s e e n  f r o m  Figs .  5.25a and 5 .25b that  the wave computed 
by the  KdV equation a r r i v e s  a t  (x- b ) /h  = 400 before the measu red  p ro  - 
f i le .  The a r r i v a l  t ime  of the  m e a s u r e d  wave a t  this  location indicates  
that  the  wave h a s  propagated with a n  ave rage  velocity of m= 70 c m / s e c  
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between (x-b)/h = 20 and 400. The difference in the ar r iva l  t imes of 
the measured and computed profiles indicate that the average velocity 
of the computed profile i s  approximately 370 l a r g e r  than the observed 
velocity of measured profile. A s imilar  difference in  average velo- 
cit ies was found for  positive wave propagation in Figs.  5.23a and 5 . 2 3 ~ .  
The centroid of each measured prolfile i n  the downstream region 
i s  a lso indicated in  Fig. 5.25a. The average centroid velocity between 
(x-b) /h  = 20 and 180, and (x-b)/h = 180 and 400, was found to be 
62.8 c m l s e c  and 63.7 cm/sec ,  respectively. The centroid velocity 
thus appears to be relatively constant during propagation. A similar  
behavior was also found for  the centroid velocity of the positive waves 
in Fig. lj.23a; hence, the effect of viscous forces  on centroid velocity 
again appears  to be smal l  compared to the effect of energy losses  on 
wave awlplitude s . 
In order  to investigate fur ther  downstream behavior of waves 
created by a negative bed displacement, the measured wave profile a t  
(x-b)/h = 400 has been used as  the initial condition for the KdV equation 
and then propagated numerically a distance of 700 depths s imilar  to the 
case  of the positive disturbance. A step s ize of A = 0 . 3  was used for 
the num~erical propagation which resulted in a 25% reduction in ampli- 
tude of a sol i tary wave with an initial amplitude of q /h = 0.05 fo r  
0 
700 depths of propagation. The resul ts  of the propagation a r e  shown in 
Fig. 5.26 where the normalized wave amplitude, q /h ,  i s  shown a s  a 
function of the nondimensional t ime,  t m  - (x-b)/h,  a t  (x-b)/h = 600, 
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Fig. 5 .26  Asymptotic wave behavior computed by the 
KdV equation for  waves wi th  a net negative 
volume. 
800,  1000, and 1100. U r s e l l  Num'bers a r e  a l s o  s h o w n  a t  e a c h  locat ion 
f o r  the f r o n t  (Up - ) and r e a r  (U,) - reg ions  of t h e  l e a d  wave. 
l i t  e a c h  d o w n s t r e a m  posi t ion  the f r o n t  f a c e  of the  leading wave 
continues to  s t r e t c h  as the  U r s e l l  Nu.mber i n  t h i s  r eg ion  g rows  f r o m  
_Ul = -55 at ( x - b ) / h  = 400 to - Up = -100 a t  ( x - b ) / h  = 1100. I n  t h e  
r e a r  r eg ion  of the leading wave the IJrsell Number  r e m a i n s  constant  
(IJz = 2:) and of o r d e r  unity at e a c h  d o w n s t r e a m  posit ion.  The trailing; 
t r a i n  of o s c i l l a t o r y  waves a p p e a r  to s p r e a d  behind the leading wave 
dur ing  propagat ion a s  t h e i r  per iod i n c r e a s e s .  The ampl i tudes  of e a c h  
of t h e s e  o s c i l l a t o r y  waves a p p e a r  to v a r y  l e s s  between adjacent  waves 
a s  propagat ion continues.  No s o l i t a r y  waves  (o r  so l i tons )  a r e  f o r m e d .  
F o r  the waves  c r e a t e d  by a posi t ive  bed d i s p l a c e m e n t  i n  Fig .  
5 . 2 3 a  arid the waves c r e a t e d  by a negative bed d i sp lacement  i n  Fig .  
5 .25a ,  the  l i n e a r  nea r - f i e ld  was  found to be approx imate ly  twenty 
depths  iin length.  The bed d i s p l a c e m e n t  u s e d  to g e n e r a t e  e a c h  series 
of waves  was impuls ive  and the  d i s t u r b a n c e - s i z e  s c a l e ,  b /h ,  was  equal1 
t o  12.2.  I n  the  d i s  cus  s ion  of the growth r a t e  of nonl inear i t ie  s i n  
Chap te r  3 ,  it was  found that  f o r  impuls ive  bed movements  the  length,  
p, of the  l i n e a r  n e a r  -field behaved l ike  (b /h)-3 ,  ( s e e  Eq. (3.77)) .  
Hence,  .€or s i z e  s c a l e s  g r e a t e r  than 12 .2  t'he l eng th  of the l i n e a r  n e a r -  
f ield w o ~ ~ l d  a p p e a r  to be apprec iab ly  less than twenty dep ths ,  and the  
l i n e a r  theory  would then a p p e a r  to be even  m o r e  l imi ted  i n  i t s  abil i ty 
to  adequate ly  t r e a t  a propagated wave. 
I:n summary ,  the KdV equation appears  to be the appropriate 
model for  finding the temporal  variation of the wave profiles in  the f a r  - 
field of the downstream region. The major  difference between the 
measured  profiles and the profiles computed by the KdV equation in  the 
f a r  -field occurs  in  maximum wave amplitudes; the measured amplitudes 
always were smal le r  than the computed amplitudes. This discrepancy 
i s  probably due to the effect of viscosity in the experiments and will be 
discussed in  the following section (Section 5 . 2 . 2 ) .  The length of the 
l inear  near-field was found to be determined easi ly  by observing the 
Urse l l  Number i n  the front  region of the leading wave computed by the 
l inear  theory. When this Ursel l  Number became of o rde r  unity, the 
far-field had been reached. Up to and incl.uding this position the l inear  
theory was found to agree  well with the measured  wave profiles. The 
l inear  theory appears  to be quite l irr~ited in  i t s  ability to propagate a 
wave generated by an impulsive bed displacement over any l a rge  d is -  
tance when the dis turbance-size sca le  i s  also l a rge .  
]?or positive bed displacements a s e r i e s  of solitons followed by 
a group of oscil latory waves was found to be the asymptotic solution for  
the waves i n  the far-field.  F o r  negative bed movements no solitons 
were found; in  the far-field the front  face of the negative lead wave 
stretched with t ime and numerous os cil latory waves whose amplitude 
were of the same  o r d e r  of magnitude a s  the lead waves were observed 
following the negative leading wave. In regions of the wave where the 
Ursel l  Number was negative, the Urse l l  Number was found to become 
m o r e  negative during pro3agation while i n  wave regions where the 
Urse l l  Number was positive, the Ursel l  Number tended toward unity 
and remained constant during fur ther  propagation. 
5.2.2 Energy Dissipation i n  the Downstream Region. 
The presence of viscosity in  the experimental model hats 
been cited i n  S e ~ t i o n ~ 5 . 2 . 1  a s a possible cause of the difference between 
wave amplitudes computed in  the downstream region by the KdV equa- 
tion and the measured  wave amplitudes. As indicated in  Section 5. l .  4, 
viscosity causes boundary l a y e r s  to f o r m  around the wetted perimeter  
of the wave tank and a t  the f r e e  surface of the fluid. Energy 10s ses  in 
these boundary l aye r s  causes a decrease  i n  wave amplitudes during 
propagation. 
Keulegan (1948) has  investigated the damping of long waves of 
translation due to energy dissipation ar is ing f r o m  the boundary l aye r s  
adjacent to the solid boundaries of a wave itank. Assuming the boundary 
l aye r s  to be l amina r ,  the energy dissipation was calculated using the 
well-known dissipation function ( see  e.  g . ,  Batchelor (1967, p. 153)). 
The total energy los s  was shown to consist  of two components: energy 
l o s s  in  the laminar  layer  directly beneath Ithe wave, and kinetic energy 
lef t  behind a s  the wave propagates. F o r  a sol i tary wave of initial heig:ht 
qoL a t  x = 0, in water of depth, h ,  and in a wave tank of width B, 
Keulegan developed the following expression fo r  the height, 
, 
of the 
sol i tary wave a t  a downstream position relat ive to the initial height : 
0 /i 
where g i s  the accelerat ion of gravity and v is the kinematic  fluid 
viscosity.  
1,aboratory experiments  have been conducted to check the 
validity of Eq. (5 .14)  by seve ra l  authors .  These  a r e  summar ized  by 
F rench  (1969, p. 170) who also includes h i s  own data  from experiments  
which were  conducted i n  the s a m e  wave tank which was used i n  the 
c u r r e n t  study. The different da ta  shown by F rench  (1969) show con- 
s iderab le  s ca t t e r  when compared to Eq. (5. 14); however,  the data  of 
F rench  appear  to a g r e e  reasonably well with K.euleganls equation. 
Althougb~ the range of water depths used i n  the cu r r en t  study varied 
m o r e  than those of French ,  Eq. (5.14) appears  to be a convenient 
express ion  for  estimating the effect of viscous boundary l a y e r s  develo- 
ped along the wetted pe r ime te r  of the wave tank. 
Fig.  5 .27  shows the dec rease  i n  the ra t io ,  q , computed by 
A 
Eq. (5.  14) a s  a function of the downstream dis tance,  (x- b)/h fo r  the 
four water depths: h = 5, 10,  30, and 50 c m ,  which were used i n  the 
experiments  with the l a r g e r  bed unit (b = 61 cm) .  At each  water depth, 
curves  have been computed fo r  th ree  values of the init ial  re la t ive  wave 
amplitude, '?lo /h  = 0. 1, 0 .5 ,  and 1.0 .  (The curve for  11 /h  = 1.0  
0 A A 
i s  of l i t t le  p rac t ica l  value s ince waves a r e  known to break when their  
amplitude approaches the s a m e  o r d e r  of magnitude a s  the water depth.)  
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Fig .  5 . 2 7  Ampl i tude  d e c a y  of a s o l i t a r y  wave dur ing  
propagat ion  based  on the equat ion  of 
Keulegan (1948). 
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As would be anticipated, Fig.  5.27 shows that smal l  depths and la rge  
wave am.plitudes lead to m o r e  energy dissipation in  the boundary layer,s 
and thus to grea ter  damping of the wave amplitude. 
Fig.  5.27 can be used to est imate the effect of boundary d is -  
sipation of the experimental waves shown in  Figs .  5.23a and 5.25a. 
F o r  these profiles the rat io  of the init ial  wave amplitude to the depth 
(h = 5 c.m) was approximately 0.1. F r o m  Fig. 5 .27 Keulegan's equa- 
tion i s  observed to predict  approximately a 38% decay i n  wave ampli-  
tude after 400 depths of propagation, i. e.  , a t  (x-b) /h  = 400. Recall 
that the (observed difference between the measured  and computed pro-  
fi les was approximately 50 -5470; hence energy 10s s e s  in  the boundary 
layer  around the wetter per imeter  of the wave tank do not appear to be 
sufficient to account for  the total difference between theory and experi-. 
ment.  
Ehergy los ses  also occur in  the boundary layer  developed a t  the 
f r e e  surface.  (Note that Keulegan's study does not consider lo s ses  in  
this layer .  ) In a study of the energy dissipation in the f ree-sur face  
'boundary l aye r ,  Van Dorn (1 966)  found that for  low frequency oscil1ato:ry 
waves, the total energy los s  in the surface layer  was often a s  l a rge  o r  
l a r g e r  than the energy dissipation around the tank side walls. This 
surprisi:ngly l a rge  dissipation i s  due to variations in surface energy 
which r e su l t  f r o m  the contamination of the water surface invariably 
present  under laboratory conditions unless the surface i s  specially 
t reated.  Since energy los ses  i n  the surface layer  may be so la rge ,  i t  
i s  reasonable to a s sume  that these losses  m a y  account for  the additional 
12-16% decay in  the experimental wave amplitudes a t  (x-b)/h = 400 
indicated by the theoretical computations. Hence, the KdV equation 
appears  to be an accurate  model of wave propagation in  the downstream 
region i n  the absence of viscous effects.  
flnother source  of energy dissipation that occurred i n  some 
experiments resulted f r o m  the phenomenon of wave breaking. When 
the bed displacement was negative such that 1 S0/h 1 2 0.5 and the 
t ime - size rat io  smal l ,  the positive wave immediately following the 
leading negative wave was found to break a t  a distance of ten to twenty 
depths firom the generation region. This phenomenon occurred for  
both the exponential and half- sine bed displacements when the t ime - 
s ize  ratio was l e s s  than 1.5 and 6 .0 ,  respectively.  
Fig. 5.28 shows the positive wave immediately behind a negative 
leading wave breaking in  the downstream region. The generation param-  
e t e r s  fo r  this wave a r e  identical to those given by Eq. (5.5) for  the 
negative, half-sine bed displacement used i n  the photographic sequence 
of Fig.  15.13. The energy los s  due to wave breaking appears to have 
l i t t le effject on the downstream wave profiles since the breaking wave i s  
smal l  relative to the leading wave where mos t  of the propagating energy 
i s  contained. No wave breaking occurred when the bed displacement 
was positive for  the full range of generation pa ramete r s  investigated. 
Fig. 5 .28  Wave breaking in  the downstream region for  
negative bed displacements. 
5 . 3  OS(Z1LLATING BED MOTIONS WITH A MEAN DISPLACEMENT. 
1:n the preceding sections only two simple t ime-displacement 
h is tor ies  of the bed movement were considlered. F o r  each of these 
displacements the bed section rose  o r  fel l  f r o m  i t s  init ial  position to 
a prescr ibed  elevation, 50 ? in  a manner  such that i t s  velocity, 5tf 
never changed sign during the movement. In o r d e r  to observe experi-  
mentally the effect of a m o r e  general  t ime-displacement his tory of the 
bed movement on the wave behavior, a sys t em was constructed whereby 
an  oscillating motion could be superposed on the half-sine o r  exponential 
bed displacements.  The oscillating motion (or  di ther)  began at  the 
same  instant a s  the mean motion and was automaticallly stopped a s  the 
Fig.  5 .28  Wave breaking i n  the downstream region for  
negative bed displacements.  
5 . 3  OSCILLATING BED MOTIONS WITH A MEAN DISPLACEMENT 
In the preceding sections only two s imple  t ime-displacement 
h i s tor ies  of the bed movement  were  considered.  F o r  each of these 
displacements  the bed sect ion r o s e  o r  fe l l  f r o m  i t s  init ial  position to 
a p re sc r ibed  elevation, C O ,  i n  a manner  such that i t s  velocity, Ct, 
never  changed sign during the movement. In o r d e r  to observe  experi -  
mentally the effect of a m o r e  genera l  t ime-displacement  h i s tory  of the 
bed movement on the wave behavior, a sys t em was constructed whereby 
an  oscil lat ing motion could be superposed on the half-sine o r  exponential 
bed displacements .  The oscillating motion (o r  d i ther )  began a t  the 
s a m e  instant  a s  the mean  motion and was automatically stopped a s  the 
bed unit  n e a r e d  the  p r e s c r i b e d  p e r m a n e n t  d i sp lacement ,  CO. Both the  
p e r i o d ,  T, and the c r e s t - t o - t r o u g h  ampl i tude ,  5, , of the  d i the r  could 
be varield. E x p e r i m e n t s  w e r e  conducted f o r  the  hal f -s ine  m e a n  motion 
i n  which the  pe r iod  of the  d i the r  was  va r ied  f r o m  10% t o  50% of the 
c h a r a c t e r i s t i c  time of the  m e a n m o t i o n ,  i . e . ,  0. 1 .' r / t  2 0.5 ,  and 
C 
the  ampl i tude  of the d i t h e r  was v a r i e d f r o m 2 0 ' % t o  50% of the  c h a r a c t e r - .  
i s t i c  ampl i tude  of the  m e a n  mot ion,  i. e . ,  0 . 2  2 5, / C o  5 0.5. 
F i g s .  5 .29a ,  5 .29b,  and 5 . 2 9 ~  shows the r e s u l t s  f o r  t h r e e  
experimcants i n  which the half - s i n e  m e a n  mot ion  had the following 
genera t ion  p a r a m e t e r s :  
Co/h = 0 .2 ,  b /h  = 12.2 ,  t &/b = 1 .10  . 
C 
( 5 . 1 5 )  
F r o m  F ig .  5 . 2  the  t i m e - s i z e  r a t i o  of the m e a n  mot ion  is obse rved  to 
l i e  at the  boundary  between the  impuls ive  and t r a n s i t i o n  reg ions  of 
genera t ion .  In F ig .  5.29 a the  ac tua l  t i m e - d i s p l a c e m e n t  h i s t o r y  of the 
bed f o r  the  m e a n  mot ion and the resu l t ing  waves  a r e  shown at the  
posi t ions:  (x -b ) /h  = - b / h ,  0 ,  20,  180, and 400. I n  F ig .  5.29b the  
t i m e - d i s p l a c e m e n t  h i s t o r y  of the  bed and the  r e s u l t i n g  waves at simila:r 
pos i t ions  are shown when a d i the r  with a per iod  of 7 = 0 . 5  t and a n  
C 
ampl i tude  of C1 = 0 . 5  C0 i s  superposed  on t h e  m e a n  mot ion.  The t i m e -  
d i s p l a c e ~ m e n t  h i s t o r y  of the  bed and r e s u l t i n g  waves  a t  (x -b ) /h  = - b / h ,  
0 ,  20, 180, and 400 a r e  shown i n  F ig .  5.29 c when a d i the r  of per iod 
r = 0 . 1  t and ampl i tude  C1 = 0 . 5  5 i s  s u p e r p o s e d  on the  m e a n  
C 0 
mot ion.  In  e a c h  c a s e  the  wave ampl i tude ,  7, h a s  been normal ized  by 
the  wa te r  depth,  h ,  and is shown a s  a function of the  non-dimensional  
time: th/m - (x -b ) /h .  
HAL F - SINE BED DISPLACEMENT b/h = 12.2 tc f i  
(MEAN MOTION) -1.10 50/h=0.2 -- 
NOTE' 
T = Period of d~ther  
,l1= Amplitude of dither 
Fig. 5 . 2 9  Measured wave profiles ; a )  an impulsive half-sine mean 
motion, b) ,  c )  half-sine mean motion with a superposed 
oscillation. 
The wave profile a t  the backwall, i. e . ,  (x-b)/h = -b/h,  in  Fig. 
5.29a rapidly r i s e s  to a maximum elevation, q /h = 0 . 2 ,  (or  q/cO = 1 0 
since 5 /h = 0.2)  and immediately dec reases  to the s t i l l  water level 01 
where a smal l  amplitude negative wave resu l t s  which has  a nodal t ime 
of the sa,me o rde r  of magnitude a s  the positive leading wave. At the 
leading edge of the disturbance, (x-b)/h = 0, the water r i s e s  to a 
maximum elevation, qo/h = 0. 1,  remains  a t  this level  for  an interval  
of t ime,  and then dec reases  to the s t i l l  water level  where a smal l  
negative wave is formed. ~t (x-b) /b  = 20 the wave has  changed very 
l i t t le  f r o ~ m  the profile observed a t  th~e leading edge of the disturbance. 
Fur the r  downstream a t  (x-b) /h  = 180 the positive leading wave has  
begun to separa te  into solitons simi1,ar to the behavior of the waves 
shown p~reviously i n  Fig.  5.23a. The separat ion of the leading wave 
into solitons continues a t  (x-b) /h  = 400 a s  the c r e s t s  of the individual 
waves separa te  and the troughs appr~oach the s t i l l  water level.  
When a dither with an amplitude of 5, = 0.5 C0 and a period of 
7 = 0.5 t is superposed on the mean motion (Fig.  5.29 b) the change i.n 
C 
water 1e:vel a t  the backwall, (x-b)/h = -b/h,  follows the actual t ime- 
displacement his tory of the moving bed up to a maximum elevation 
equal to that reached by the mean motion i n  Fig.  5.29a. The super - 
posed dither i s  responsible for  generating sma l l  amplitude oscil latory 
waves whose period and amplitude a r e  p~opor t iona l  to 7 and C,, respec  - 
tively. After reaching a maximum elevation the water level  a t  the back:- 
wall immediately decreases  toward the s t i l l  water level where 
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oscillatiions a r e  also observed to occur.  At the leading edge of the 
moving bed the change in water level again follows the actual t ime- 
displace.ment history of the moving bed up to a maximum elevation 
equivalent to that observed for  the mean motion alone in Fig. 5.29a. 
A smal l  oscillatory wave i s  o'bservecl to be preceding the pr imary  
leading wave. The maximum water level is maintained for  an interval 
of t ime and then begins to decrease  to the s t i l l  water level where small  
o ~ c i l l a t o ~ r y  waves occur.  At (x-b)/h = 20 the water level r i se s  to a 
maximum elevation a'bout which smal l  oscillations occur before the 
water level begins to decrease  to the s t i l l  water level. Small oscilla- 
tory waves a r e  o'bserved to be following the lead wave. It appears that: 
the smal.1 wave preceding the p r imary  leading wave a t  (x-b)/h = 0 has  
now been overtaken by the pr imary  wave which i s  propagating with a 
l a r g e r  celerity.  At (x-b)/h = 180 the leading wave i s  observed to be 
separating into solitons just like the corresponding wave in Fig. 5.28a 
which was created by the mean motion alone. The oscillatory waves 
created by the superposed dither have now been left  behind by the longer 
leading wave which i s  apparently generated by the mean motion only. 
This beh~avior i s  seen m o r e  clear ly a t  (x-b)/h = 400 where the leading 
wave has; continued to separate  into solitons and resembles very c1osel.y 
the corresponding wave in  Fig. 5.29a. The only difference between 
these two profiles occurs  in  the trailing portion of the wave profiles 
where very smal l  os cillatory waves can be seen  in  the experiment in  
which the dither was superposed on the mean motion. It thus appears 
that this superposed dither has  l i t t le e.ffect on the downstream wave 
profiles for  this experiment.  
F o r  the wave measurements  shown in  Fig.  5 . 2 9 ~  the period of 
the superposed dither has  been reduced to r = 0 .1  tc  while the ampli-  
tude of the dither has  been maintained a t  5, = 0.5 G o .  The water 
movement a t  the two positions in the generation region, (x-b) /h  = -b/h 
and 0,  i s  drast ical ly  altered f r o m  that observed i n  Fig. 5. 29b -where 
7 = 0. 5 t . At the backwall the water level  initially follows the t ime- 
C 
displacement his tory of the moving bed but suddenly l a rge  amplitude 
oscillations with a smal l  period occur.  Some of these oscillations have 
a maximum amplitude, h grea ter  than 0.4 which corresponds to 
an  amplitude grea ter  than twice the total bed displacement,  5,. These 
l a r g e  waves a r e  caused by the formakion of c r o s s  waves i n  the generating 
region, i. e.  , waves propagating la te ra l ly  a c r o s s  the wave tank. Cross  
waves aire known to sometimes f o r m  during the forced oscillation of a 
fluid region a s  a resu l t  of a nonlinear instability ( see  e.  g . ,  Lin and 
Howard (1960)). Cross  waves were found to occur  in  the present  experi-  
ments  when both c1 / C O  approached unity and ~ / t  became very small .  
C 
F o r  example, no c ross  waves occurred when the period of the dither 
was maintained at  7 = 0.1 t and the amplitude of the dither was 
C 
reduced to = 0.2 Lo. The c r o s s  waves a t  the backwall continue to 
ref lect  f r o m  the tank sidewalls after the displaced water volume pro-  
pagate's f r o m  the generation region. 
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The effect of the c ross  wave pattern i s  clearly shown a t  the 
leading edge of the disturbance, (x- b)/h = 0. Initially the water level 
r i s e s  arid oscillates just a s  the bed unit but suddenly la rge  amplitude 
waves develop. These c ross  waves which develop continue to propagate 
back-and-forth across  the wave tank long af ter  the longitudinal waves 
created by the bed motion have propagated f r o m  the generation region. 
.At the f i r s t  downstream position, (x -b ) /h  = 20, the long wave 
which i s  apparently created by the mean motion a r r ives  f i r s t  and 
resembles very closely the wave f o r m  recorded a t  the same position 
in  Fig. 5.29a where only the mean rnotion was used. The effect of the 
c r o s s  waves in  the generation region can also be seen at  (x-b)/h = 20 
in  Fig. 5 . 2 9 ~  where groups of oscill.atory waves a r e  observed to be 
following the longer leading wave. These oscillatory waves which a r e  
propagating longitudinally in  the wave tank a r e  two-dimensional and have 
apparently been generated by the longitudinal p ressu re  gradients induced 
by the c r o s s  wave pattern in the generation region. 
.At (x-b)/h = 180 the leading wave i s  separating into solitons just 
a s  the leading waves a t  the same position i n  Figs.  5.29a and 5.29b. 
The oscillatory wave pattern following the leading wave at  (x-b)/h = 180 
i s  now alpproximately 360 nondimensional time units behind the leading 
wave. (Note that the t ime axis has been broken in o rde r  to show this 
trailing wave group. ) The maximum amplitude of the oscillatory waves 
of the f i r s t  wave group has decreased by approximately 80% between 
(x-b) /h  = 20 and (x-b) /h  = 180; probably a s  a resu l t  of the combined 
effect of' energy dissipation due to viscosity and frequency separation. 
At (x-b) /h  = 400 the leading wave continues to separate  into 
solitons and i s  a lmost  identical to the wave profiles a t  this downstream 
position in  Figs .  5.29a and 5.29b. The trail ing wave groups have been 
lef t  s o  f a r  behind by the leading wave a t  this position that they were not 
recorded before the leading wave reflected f r o m  the end of the wave 
tank and returned to the position of the wave gage. 
Fig.  5.29 thus demonstrates  that when the mean motion of the 
bed displacement i s  impulsive,  the same  leading wave resu l t s  during 
propagation, regard less  of the details of the actual bed displacement. 
(Recall that the t ime-s ize  ratio of the mean motion used in  Fig. 5.29 
was a t  the boundary of the impulsive and transit ion regions of gener - 
at ion.)  This behavior of the downstream waves i s  extremely important 
i n  the pract ical  application of the resu l t s  obtained in  Sections 5.1 and 
5.2 for  the simple family of bed displacements,  i. e .  , the half -sine 
and exponential motions. (Application of these resu l t s  will be dis cussed 
in  Section 5.4.  ) 
:In Section 5.1.2 it was shown that the waves resulting when the 
t ime-s ize  rat io  of the bed displacement was i n  the creeping region of 
generation were highly dependent on the actual t ime-displacement 
h is tory  of the bed movement. Hence, if an oscillation i s  superposed 
on the mean motion of a creeping bed displacement the resulting waves 
would be expected to differ accordingly. A half-sine mean motion wit'h 
the following generation parameters  has been used to investigate this 
suggested behavior: 
CO/h = 0 .4 ,  b/h = 12.2, t f i / b  = 161. 75. 
c 
( 5 . 1 4 )  
Fig. 5.C;Oa and Fig. 5.30b show, respectively, the waves resulting for 
the mean motion alone and for  the mean motion with a superposed dither 
which has  a period of T = 0.1 t and an amplitude of c1 = 0.5 C O .  
C 
The wave amplitude, q, has been normalized with respect  to the water 
depth, h, and i s  shown at  the positions (x-b)/h = -b/h,  0,  20, 180, 
and 400, a s  a function of the nondimiensional time: t m  - (x-b)/h.  
The actual time-displacement his tor ies  of the bed motion a r e  also 
shown above each sequence of wave profiles. 
'The wave created by the mean motion alone in  Fig. 5.30a i s  
s imi lar  a t  each position of measurement  in the generation region. The 
water r i s e s  slowly to a maximum elevation and then decreases  to the 
s t i l l  water level forming a symmetr ic  wave form. During propagation 
the front  face of the wave begins to steepen as  a resul t  of amplitude 
dispersion. 
When the dither i s  superposed on the mean motion, the water in  
the generation region i s  observed in Fig. !5.30b to move in the same 
manner a s  the bed, forming a t ra in  of oscillatory waves whose ampli- 
tude i s  much l a r g e r  than the waves created by the mean motion alone. 
During propagation each of these oscillatory waves begins to disperse 
and in terac t  to f o r m  a complex t ra in  of waves which do not resemble 
in any manner the single wave created by the mean motion. Hence, 
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HALF- SINE BED DISPLACEMENT 
(MEAN MOTION) 
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Fig.  5.30 Measured wave prof i les ;  a )  a creeping half-  
s ine  m e a n  motion,  b )  half -s ine  mean  motion 
with a superposed oscil lat ion.  
when the: mean motion of a bed displacement l ies  in  the creeping region 
of generation, the detailed time-displacement his tory of the movement 
i s  extreinely important in  determining wave behavior. (No c ross  waves 
developed i n  any experiments for which the mean motion was in the 
creeping; region of generation. ) 
In summary,  i t  appears that ithe superposition of an oscillating 
movement on an impulsive mean motion has  l i t t le  effect on the wave 
profiles measured in  the downstream region. Some small  oscillatory 
waves aire generated by the dither but these a r e  quickly left  behind by 
the l a rge r  (and longer) wave which i s  apparently created by the mean 
motion a,lone. When the mean motion i s  in the creeping region of 
generation, the superposed dither has  a major  effect on the observed 
waves i n  the downstream region. The oscillating motion generates a 
s e r i e s  of long waves which have maximum amplitudes that a r e  some- 
what l a rge r  than the amplitude of the wave created by the mean motion 
alone; hence the oscillatory waves a r e  traveling at  a slightly l a rge r  
velocity than the wave created by the mean motion. 
5 .4 APPLICATION OF RESULTS TO THE ALASKAN EARTHQUAKE 
OF 27 MARCH 1964. 
The resul ts  presented in Sections 5. 1, 5.2,  and 5 .3  for a simple 
two-dimensional model of tsunami generation indicate that three para-  
m e t e r s  of bed deformation a r e  important in  determining the character--  
i s t ics  of the generated wave. These three parameters  a re :  (1) the 
disturbance-amplitude scale,  h ,  (2)  the disturbance-size scale ,  
0 
b/h ,  and (3) the t ime-s ize  rat io ,  t m / b ,  which incorporates  the 
C 
disturbance-time sca le ,  t It i s  of p r imary  importance to investi-  
gate an actual tsunamigenic earthquake in  o r d e r  to determine charac ter -  
i s t i c  values of these nondimensional rat ios  and thus to infer cer tain 
charac ter i s t ics  of the generated tsunami. 
Although numerous tsunamigenic earthquakes have occurred 
(mainly in the Pacif ic  Ocean), very l i t t le  information i s  available in  
the l i te ra ture  regarding the actual tectonic deformations of the s e a  bed 
which a r e  responsible for  generating tsunamis.  The detailed f o r m  of 
submarine tectonic displacements i s  extrelmely difficult to determine 
since the deformations cannot be observed direct ly  and i n  most  cases  
the p reea r  thquake bathyme t r y  i s  unknown s o  that pos tearthquake sound- 
ings a r e  of l i t t le value. In fact,  submarine bed deformations resulting 
during an earthquake appear to be generally infer red  f r o m  available 
tsunami signatures recorded a t  various tide gage stations that a r e  
affected. 
The only tsunamigenic earthquake for  which a reasonably 
accura te  description of the submarine tectonic deformations exis ts  
appears  to be the Alaskan earthquake of 2 7  March  1964. This d isas te r  - 
ous earthquake had a Richter magnitude of 8 .4  (Pasadena seismograph 
station) and was accompanied by crus ta l  deformations of land and s e a  
bottom i n  south-central  Alaska covelring an a r e a  probably i n  excess  of 
110,000 square  mi les  (Plafker ,  1969).  A tsunami was generated by the 
s e a  bed deformations which caused extensive damage and los s  of life 
along the Alaskan coastline and a t  locations a s  f a r  away a s  Crescent  
City, C ~ ~ l i f o r n i a .  Because of the location of numerous offshore islands 
in  the coastal  region affected by the earthquake, and the knowledge of 
preearthquake bathymetry i n  portions of the coastal  region, this ea r th -  
quake provided an  exceptional opportunity 'to determine the submarine 
tectonic deformations responsible for  generating the ensuing tsunami. 
The tectonics of the Alaskan earthquake have been discussed extensively 
by Plafker (1 969)  f r o m  which mos t  of the .Eollowing description has  
been taken. 
The epicenter of the Alaskan earthquake was located somewhat 
north of P r ince  William Sound (lat. 6 1 . 0 6 ~  N. , long. 147.44O W. ) a s  
indicated i n  Fig. 5.31 which has  been adapted f r o m  Plafker (1969). The 
init ial  rupture apparently propagated i n  a predominantly south- wes te r ly  
directio~n for  a distance of 375-500 mi les  (600-800 km) .  The propagation 
of the rupture appears  to have occurred i n  a complex s e r i e s  of bursts  
(Wyss and Brune, 1967) with an average velocity of 2 m i l e s / s e c  (3  k m /  
sec) .  The observed and infer red  tectonic deformations a r e  postulated 
by Plafker  (1 969)  to have resulted pr imar i ly  f r o m  a relative seaward 
displacement and uplift of the seaward portion of the effected a r e a  and 
a simultaneous horizontal extension and subsidence of the landward 
portion of the effected a rea .  This dipolar movement of the ea r th ' s  
c r u s t  was centered along a "binge line" running f r o m  the northern 
portion of P r ince  William Sound in a southwesterly direction to Trinity 
Islands ( see  Fig.  5.31). Isobase contours of the vertical  tectonic 


displacements (which indicate the amount of ver t ical  deformation r e l a -  
tive to t'he preearthquake land elevation) have been constructed by 
Plafker (1969) and a r e  shownin  Fig. 5.31. The major  a r e a  of uplift 
i s  observed i n  Fig. 5.31 to occur in  an arcuate  region encompassing 
the Continental Shelf and possibly portions of the continential slope 
with a length of approximately 3 75 mi les  and a maximum width of 150 
mi les .  The maximum measured  uplift was found to be 38 f t  which 
occurreld i n  a northwest trending belt  about 6 mi l e s  wide along the 
Continental Shelf and was exposed on Montague Island in  the south- 
western portion of Pr ince  William Sound. The major  zone of subsidence 
occurred partially in  the embayed coastal a r e a s  and along the Alaskan 
mainland. The maximum measured land dlownthrow appears to be 
approxirnately 8 ft. 
The vert ical  displacements along three  c r o s s  -sections through 
the effected region a r e  also shown in  Fig. 5.31 ; these deformations a r e  
measured  f r o m  the preearthquake land elevation denoted by the zero  
base line. Along Section A-A' an approximately uniform uplift of 5 - 10 ft 
occurs  i.n a submarine region with a cross-sect ional  length of approxi- 
mately 1150 mi les ;  a corresponding downthrow with a maximum ampli-- 
tude of 6 f t  occurs  on the landward side of this cross-sect ion.  F r o m  
the cross-sec t ion  B-B ' ,  the s e a  bed i s  observed to have uplifted in  an 
approxirnately l inear  manner  to an elevation of approximately 17 f t  at  a 
distance of 30 mi les  seaward of the hinge l ine of the dipolar crustal  
deformation. The s e a  bed then lifted to a maximum elevation of 30 ft  in 
a narrovi belt approximately 6 mi les  wide. This region i s  followed by 
a zone of nearly uniform uplift of 15 f t  for  a distance of 50 miles  to the 
projected position of Middle ton Island. The remaining uplift occurred 
in  a region over the continental slope and apparently decreased to zero1 
near  the foot of the slope. (Note thalt Middleton Island appears  to be 
located a t  the edge of the Continental Shelf. ) The negative displacement 
along Section B-B' occurs  mainly on land and does not exceed approxi-- 
mately 6 ft .  The inferred zone of uplift along Section C- C' closely 
resembles  the profile a t  Section B-B' even though these two c ross -  
sections a r e  separated by approximately 200 mi les  along the major  
axis of the region affected by the earthquake. As observed before, 
mos t  of the uplift along Section C-C' occurs  on the Continental Shelf 
and decreases  to zero along the continential slope. 
Plafker suggests that the axis of s e a  'bed uplift along the Contin- 
ental Shelf, shown in Fig. 5.31, i s  a lso the axis of the source region 
for  the tsunami generated by the earthquake. Independent evidence of 
this suggested source region was also determined by Van Dorn (1964) 
with the use of wave refract ion diagrams constructed f r o m  known 
a r r iva l  t imes of the Alaskan tsunami. a t  different tide gage locations 
around the Pacific Ocean. It  thus appears  that the tectonic deformation 
responsible for  the Alaskan tsunami consists of an elongated belt which 
extends approximately 350 mi les  f r o m  the vicinity of Montague Island Lo 
the a r e a  offshore of the K.odiak Island gr0u.p in  which a typical vertical 
bed displacement i s  i l lustrated by the c ross  -section B-B'  in  Fig. 5.3 1. 
The average width of the belt of uplift appears  to be approximately 
125 mi les .  (It should be noted that the seaward thrust  of the ear th  
movement during the Alaskan earthquake created horizontal displace - 
ments  of' approximately 64 ft; however, these movements a r e  apparent .1~ 
discounted by Plafker  (1969) a s  a mechanism for  l a rge  ocean wave 
generatifon since the b a t h y m e t r ~  of the sea  bed was not sufficiently steep 
i n  the region of these horizontal displacements to generate a la rge  wave.) 
PLS stated by Plafker  (1969), no ins t rument  records  exis t  which 
would indicate the t ime or  r a t e  of the tectonic movements occurring 
during the Alaskan earthquake; hence, no t ime -displacement his tory of 
the bed uplift in the source  region of the generated tsunami i s  known. 
Eyewitness repor ts  indicate that the major  portion of the tectonic move- 
ments  oczcurred during the 1 - 1 /2 to 5 minutes of violent t r emor  s .  
Van Dor11 (1964) suggests that the ver t ical  displacements must  have 
occurred very rapidly ( f rom 2 to 6 minutes)  due to the presence of an 
atmosph~eric  gravity wave measured  a t  L a  Jolla,  California which was 
apparently generated by the vert ical  movements of the land and ocean. 
F r o m  the preceding discussion of the source  mechanism for  the 
Alaskan tsunami, a two-dimensional model of the generation would 
appear to be applicable a t  l eas t  locally since the region of generation 
i s  elongated with a length of approximately three  t imes  the width. If 
the deformed bed profile shown a t  the c ross-sec t ion  B-B' in Fig. 5.31 
i s  indeed typical of the general  bed displacement responsible for  the 
Alaskan tsunami, then a charac ter i s t ic  s ize ,  b, may  be defined. The 
total width of the region of uplift excluding the region over the contin- 
ental  slope i s  approximaely 100 mi le s ;  hence, the half-width of the 
region i s  'b ' 50 mi les .  (It s eems  appropriate to neglect the region of 
uplift over the continental slope, i. e.  , seaward of Middle ton Island in  
Section :B-B', since the water depth in  this region i s  increasing rapidly 
and the uplift i s  decaying to zero.  ) The average water depth in  the 
region of uplift landward of Middleton Island is of the order  of 600 f t  a!; 
seen in :Fig. 5.31; hence, a character is t ic  dis turbance-size scale  
 become^;: b/h ' 450. 
In o rde r  to determine the t ime-s ize  rat io ,  t G l b ,  of the 
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generation p rocess ,  a character is t ic  t ime,  tc'  of the bed displacemerit 
i s  required. As indicated e a r l i e r ,  the best  es t imate of the total t ime of 
ground movement (which i s  a convenient charac ter i s t ic  t ime) appears  
to be two to s ix  minutes.  Using these t imes and an average water depth 
of h = 600 ft, yields a range of possible t ime-size rat ios  given by: 
Since the probable range of t ime-s ize  rat ios  given by Eq. (5.17) i s  much 
l e s s  than unity, the bed displacement of the Alaskan earthquake appears  
to be impulsive. This suggested behavior can be seen directly f r o m  
Fig. 5. I. o r  Fig.  5.2 if the resu l t s  determined for  an exponential o r  
half - sine bed displacement in  Section 5.1 a r e  applied to the Alaskan 
earthquake . 
Since the bed uplift (and water depth) along B-B'  in  Fig. 5 .3 1 
i s  not uniform, the dis turbance-amplitude sca le ,  So /h, must  vary 
along this cross-section. The maximum uplift of approximately 30 f t  
occurs  in a narrow region in which the water depth i s  approximately 
300 ft. (Detailed contours of the water depth i n  this region a r e  given 
by Wilson and TQrum (1968, p. 53) f rom which this depth was de ter -  
mined. ) Outside this narrow belt the amplitude of the vertical deform- 
ation decreases  while the water depth i s  generally grea ter  than 300 ft; 
hence, the maximum value of the disturbance -amplitude s cale along 
B-B1 appears  to be: (C0/h) = 0.1. 
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F r o m  the preceding discussion, possible values of the important 
pa ramete r s  of generation for the Alaskan tsunami appear to be: 
The small  amplitude scale  of Eq. (5. 18) suggests that a l inear  theory 
provides an adequate description of the initial wave behavior; since the 
t ime-size rat io  indicates an impulsive generation, the actual t ime-dis-  
placement history of the bed movement i s  not expected to be of critica.1 
importance in  determining the general charac ter i s t ics  (e. g. , the max.i- 
m u m  annpli tud e , ", the r i s e  t ime,  t r '  the fall time, tf ,  and the nodal 
t ime,  t ) of the lead wave propagating f r o m  the region of generation. 
I1 
Hence, i t  i s  of in teres t  to examine the predicted general features  of the 
lead wave of the Alaskan tsunami in light of the resul t s  determined in 
Section 5.1 by the l inear  theory for waves generated by two specific bled 
movements.  Since the bed uplift o r  water depth i n  the generation 
region i s  not uniform o r  symmetr ica l  about the centerline of the uplift 
region, the wave which propagates out of the generation region toward 
the Alaskan mainland would not be expected to resemble  in detail the 
wave which propagates seaward of the uplift region. The following 
discuss5ion will be pr imar i ly  concerned with the wave which propagates 
seaward1 of the region of uplift. 
.As suggested previously, the leading edge of the generation 
region cbn the seaward side of the uplift may  be taken a s  the projected 
position of Middleton Island shown on the c r o s s  - section B-Bf in Fig. 
5.31. The charac ter i s t ics  of the wave which propagates past  this 
position a r e  probably dominated by the 50 mi l e s  of nearly uniform 
uplift of 15 f t  which occurs  between the nar row belt of maximum uplift 
and Middleton Island. As a f i r s t  approxirrlation i t  i s  useful to assume 
that the uplift along the ent i re  c ross-sec t ion  is uniform with a total 
displacement, cO, of approximately 15 ft; under this assumption, the 
resu l t s  presented i n  Section 5. 1 may be direct ly  applied. It should be 
recalled' f r o m  the discussion in  Section 5. 1. 1 that the maximum ampli-  
tude ra t io ,  , of the leading wave i n  the generation region was 
found to become constant and independent of the t ime-size rat io  in  the 
impulsive region of generation. The asymptotic value of qO/Co fo r  
impuls i~re  bed movements was found to be independent of s ize scale fo r  
b/h > 4; hence, .the resu l t s  presented i n  Section 5 .1 .1  may be used for  
the very l a rge  s ize  scale  (b /h  = 450) of the Alaskan tsunami. It was 
determined in Section 5 .1 .3  that for  each type of bed movement inves ti- 
gated, the r i se- t ime ratio,  t r / t c ,  and the nodal-time ratio,  t I tc,  did 
n 
not vary appreciably between the s ize scalles of b/h = 12.2 and 
b/h = 100. In the impulsive region of generation where the r i s e  and 
fall-  tim~e ratios a r e  not equal, the ratio of the nodal and fall  t imes,  
i. e . ,  t / t  , was observed to decrease  toward unity a s  the s ize scale  
n f 
increased f r o m  b/h = 12.2 to b / h  = 100. Hence, i t  appears to be 
appropriate to apply the resul ts  computed for b /h  = E O O  in Section 
5 .3 .1  to this case.  Since the character is t ic  t ime,  tc '  for the Alaskan 
earthquake has been estimated as  the total t ime of the bed deformation, 
the resul ts  for  the half-sine bed displacement would appear to be m o r e  
appropriate than the corresponding :results for  the exponential bed 
movement; however, both types of motion will be considered in this 
The infer red  character is t ics  ( q  o7 tr ' tf, and t ) of the leading 
n 
wave of the Alaskan tsunami a t  the projected position of Middleton 
Island on the cross-sect ion of B-B' of Fig. 5.31 a r e  presented in Table 
5.1. C~olumn (1 ) indicates the type of bed motion f rom which the 
charact~eris t ic  features  of the wave have 'been determined while Columns 
(2) and (3 )  indicate the assumed character is t ic  t ime, tc' and the resullt- 
ing time -s ize rat io ,  respectively. Columns (4), (5) ,  ( 6 ) ,  and ( 7 )  indicate 
the noncIimensional t ime rat ios  of the leading wave where the values in  
Column (4)  have been found f rom Fig. 5.6a. for the exponential bed move- 
ment  and f r o m  Fig. 5.6b for the half-sine bed movement. Columns (Ei), 

(6),  and ( 7 )  have been determined f r o m  Fig. 5.17 for  the exponential 
'bed movement and f r o m  Fig. 5. 18 for  the half-sine bed movment. 
(The theoretical curves for  b/h = 100 i n  Fig.  5.18 must  be extrapo- 
lated to the sma l l  t ime -s ize  rat io  of t c m / b  = 0.06. ) Column (8) has  
been computed using 5 = 15 f t  which i s  the assumed uplift. Columns 
0 
( 9 ) ,  ( l o ) ,  and (1 1)  indicate the r i s e ,  fall ,  and nodal t imes of the leading 
wave, respectively,  which were computed f r o m  the character is t ic  t ime, 
tc ' presented in  Column (2)  and the t ime ra t ios  presented in Columns 
'The r i s e  t imes of the leading wave a r e  observed i n  Table 5 .1  to 
vary between 2-6 minutes for  the half-sine displacement and 10-30 
minutes for the exponential movement. As suggested e a r l i e r ,  the 
resu l t s  for  the half - sine motion a r e  probalbly m o r e  appropriate since 
the total. t ime of bed deformation has been used to est imate the charac ter -  
i s t i c  t ime, t . The fall  t ime of the leading wave i s  estimated in Colurnn 
C 
(10)  to be 64-66 minutes regard less  of the type of bed movement. The 
nodal tiirne of the leading wave i s  found in  Column (1 1) to be in  the range 
of 68-72: minutes by the half-sine resu l t s  and 76-78 minutes by the 
exponential resu l t s .  The type of bed motion thus appears  to have l i t t le 
effect on the fall  and nodal t imes. The profile of the leading wave of the 
Alaskan tsunami i s  thus suggested by the resu l t s  of Section 5.1 to 
resemble  the shape of the nondimensional profiles shown in  Fig. 5.8 or  
Fig.  5 . 9  a t  x / h  = b/h in  the impulsive region of generation; the 
suggested dimensional charac ter i s t ics  of the leading waves are:  
To 7.5 f t ,  tr - 2-6 minutes,  tf " 64-66 minutes ,  and t 68-78 n 
minutes.  
The charac ter i s t ics  of the leading wave which a r e  suggested 
above a r e  based on the assumptions of uniform bed uplift and uniform 
water depth which a r e  not completely valid assumptions.  The variable 
uplift would be expected to affect q to some degree;  however, no wave 
0 
amplitude grea ter  than 15 ft, i . e . ,  one-half the maximum bed uplift, 
would be expected to propagate f r o m  the generation region. The vari--  
ation in  the water depth would affect the temporal  variations of the 
wave profile to some extent; however, the indicated values a r e  
expected to suggest a t  l eas t  the co r rec t  o rde r  of magnitude of these 
t imes.  The suggested nodal t ime of m o r e  than 1 hour i s  i n  relative 
agreement  with the leading wave periods found by Wilson and Tdrum 
(1968) f r o m  the subjective analysis of m a r i g r a m s  of the Alaskan 
tsunamis recorded a t  tide gage stations near  Alaska. This l a rge  noda.1 
t ime i s  also i n  agreement  withthe leading wave period found f r o m  the 
deep-water signature of the Alaskan tsunami which was recorded a t  
Wake Island and presented by Van Dorn (1964). 
The very la rge  s ize scale  indicated by Eq. (5. 17) suggests that 
the effects of nonlinearity will very quickly become of the same o rde r  
of magnitude as  the l inear  effects of frequency dispersion during wave 
propaga,tion. However, i t  should be noted that the wave propagating 
seaward of the generation region immediately en ters  the region of the 
continental slope where the water depth inc reases  rapidly; hence, the 
effects of frequency dispersion which a r e  indicated by (h/&j2 would 
inc rease  while the effects of nonlinearity indicated by q /h would 
0 
decrease .  Thus a l inear  theory which incorporates  a variable water 
depth might be useful to propagate the wave over the continental slope; 
howeve~r, a t  some point past  the continental slope (if not before), the 
nonlinei~rit ies would become of equal importance a s  the l ineari t ies  
and a theory such a s  that given by the K.dV equation would be necessary  
to adequately model the wave behavior. (Recall  that the K,dV equation 
used in  this study i s  only applicable for  wave propagation in  a fluid 
domain of uniform depth. ) 
Regardless  of the actual t ime-displacement his tory of the bed 
uplift i n  the Alaskan earthquake, the resu l t s  of Section 5 . 3  indicate that 
the leadling wave reaching positions outside the generation region would 
resemble  the wave generated by the mean motion only. Any high f r e -  
quency waves generated by high frequency oscillations of the moving bled 
would be lef t  behind during propagation by the longer lead wave. 
If the Alaskan earthquake i s  indeed typical of a major  tsunami- 
genic earthquake, the general charac ter i s t ics  of the tsunami generated 
by this earthquake, which have been descr ibed above, would appear to 
be appli.cable to most  tsunamis.  The major  l imitation of the two-dimen 
sional rnodel of tsunami generation presented i n  this study appears to 
r e su l t  f r o m  the assumption of uniform depth i n  the downstream region1 
of propagation. Tsunamigenic earthquakes in  the Pacif ic  Ocean usually 
occur in  the shallow water along the Continental Shelf; hence a proper 
description of wave propagation must  consider the la rge  changes in 
depth which occur ac ross  the continental slope. The two-dimension- 
ality of the model appears to be sufficient in  determining local wave 
'behavior; however, for wave propagation over la rge  distances f r o m  the 
source region, a three-dimensional model should be used. 
CHAPTER 6 
The major  o'bjective of the present  study has been to investigate, 
both theoretically and experimentally, the generation of tsunamis 
initiated by a simple family of bed deformations in  a fluid domain with 
a uniform depth. Both a two and three-dimensional model of gener- 
ation hiave been investigated theoretically; experiments have been 
conducted to check the validity of the two-dimensional model. The 
study of the wave behavior was presented by dividing the fluid domain 
into two regions: a generation region above the moving bed section 
and a downstream region in which the bed remained in i t s  initial 
positi0.n for al l  time. Wave behavior in  the downstream region has 
also been investigated using a theory which considers in an approxi- 
mate  manner 'both l inear  and nonlinear effects which affect the wave 
during propagation. 
The following major  conclusions can be drawn f r o m  this study 
for the region of generation: 
1. Three  nondimensional par.ameters of the bed deformatio'n 
a r e  important in  defining the character is t ics  of the waves 
which a r e  generated: CO/h, which represents  an ampl i -  
tude scale  of the disturbance, b/h, which represents  a 
s ize scale  of the distu.rbance, and the t ime-size ratio, 
t c a / b ,  which incorporates  a t ime-sca le ,  t , of 
C 
the disturbance. 
2 .  The t ime-s ize  rat io  i s  usefu.1 in  defining three  general 
types of bed deformations for  both the two and three-  
dimensional models : an impulsive bed deformation 
(for t c m / b  very sma l l )  where the maximum amplitude 
rat io ,  qO/CO, of the leading wave becomes constant 
(independent of the t ime-size rat io) ,  a creeping bed move- 
ment  (for tc&/b very l a rge )  where 1 1 ~ / 5 ~  becomes 
inversely proportional. to the t ime-  s ize ratio,  and an 
intermediate o r  transit ion riegion of generation for  t ime- 
s ize  rat ios  between the impulsive and creeping range. 
The l inear  theory, which was developed for  the two-dimen- 
sional model, adequately predicts  the wave s t ruc ture  in  
the generation region (including the maximum amplitude 
and cer tain temporal  variations such a s  the r i s e ,  fall ,  
and nodal t imes  of the leading wave) for  impulsive o r  
transit ion bed movements whenever the absolute value of 
the amplitude sca le  of the disturbance i s  l e s s  than 0 . 2 ,  
i. e . ,  for  1 Co/h 1 < 0 . 2 ;  the l inear  theory accurately 
predicts the wave s t ruc ture  for  creeping bed movements 
over the full range of amplitude sca les ,  i. e. , I co/hl ' 1; 
4. The general  shape of the lead wave propagating ac ross  
the boundary between the generation and downstream 
region for  an im,pulsive bed movement does not depend 
significantly on the actual t ime-displacement his tory of 
the bed; in  the creeping region of generation the wave 
profiles a r e  strongly dependent on the actual t ime his tory 
of the bed movement. 
5. The detailed s t ruc ture  of the waves generated by an i m -  
pulsive bed movement for  the two and three-dimensional 
models of generation differ i n  one main respect ;  l a rge  
amplitude negative waves can r e su l t  f r o m  a positive bed 
movement in  the three-dimensional model (and vice 
ve r sa )  whereas no l a r g e  negative waves resu l t  f r o m  a 
positive bed movement in  the two-dimensional model (or  
vice ve r sa )  for  comparable generation parameters .  
The following major  conclusions can be drawn f r o m  the resu l t s  
determined for  the downstream region of the two-dimensional model: 
6 .  The Ursel l  Number a s  defined by Eq. (3 .72 )  provides an 
excellent indicator for  tracing the evolution of a long wave 
during propagation; when the maximum Ursel l  Number (sf 
a complex wave profile i s  l e s s  than unity then the l inear  
theory provides an adequate des  cription of wave behavior; 
when the Ursel l  Number becomes of o rde r  unity then the 
l inear  theory i s  no longer applicable; positive Ursel l  
Numbers tend toward a value of unity during propagation 
and r emain  of this o rde r  during fur ther  propagation; 
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negative Ursel l  Numbiers grow indefinitely i n  absolute 
magnitude during propagation. 
7 .  The Korteweg and d e v r i e s  equation (Eq. (3.80))  provides 
an adequate description of wave behavior (in the absence 
of viscous fo rces )  once the Urse l l  Number has  become 
of o rde r  unity; hence, wave profiles in  the region of pro-  
pagation where the l inear  theory i s  no longer valid may  
be determined by using a wave profile computed by the 
l inear  theory in  i t s  region of validity a s  the initial condi- 
tion for  the KdV equation and solving this equation for the 
wave profile a t  any downstream position. 
8. Asymptotic numerical  solutions of the KdV equation 
suggest that any init ial  wave with a net positive volume 
eventually resu l t s  in  a t r a in  of permanent-form solitary 
waves (or solitons) with decreasing amplitude toward the 
r e a r  of the t ra in  followed by a tail of oscil latory waves; 
init ial  waves whose net volume i s  negative do not resul t  
in  any waves of permanent form.  
9 .  In the downstream region the s a m e  leading wave profile 
resu l t s  fo r  impulsive bed movements whose mean motions 
a r e  s imi lar  regard less  of the actual time -displacement 
his tory of the movement; this leading wave i s  apparently 
generated by only the mean motion of the bed displace- 
ment. 
The Alaskan earthquake of 27 March 1964 was examined in  
detail in  o rde r  to apply the resu l t s  and determine the limitations of the 
generation models investigated in this study. The following major  
conclusions can be drawn f r o m  the examination of the Alaskan ear th-  
quake : 
10.  The probable generation pa ramete r s  of the Alaskan 
tsunami indicate that a l inear  theory i s  applicable for 
determining the init ial  wave behavior and that the bed 
movement of this earthquake was impulsive so that a 
detailed knowledge of the actual t ime-displacement 
his tory of the movement probably i s  not required to 
predict  cer tain features  of tlhe wave propagating f r o m  the 
generation region. 
1 1. A two-dimensional model of wave generation is applicable 
for  describing local  wave behavior since the source 
region of the Alaskan tsunami was elongated with a length 
of approximately three  t imes the average width. 
12. The major  limitations found in applying the resul ts  of the 
models investigated i n  this study to the Alaskan tsunami 
a r e  caused by the assumptions of a uniform bed displace- 
ment  and a uniform water depth i n  the downstream region; 
in  o rde r  to determine m o r e  detailed s t ruc ture  of the wave 
propagating f r o m  the region of uplift, the variable uplift 
mus t  be considered; the l a rge  changes in water depth 
which occur  a t  the continental slope m u s t  be considered 
to adequately model the wave behavior during propagation. 
If the Alaskan earthquake i s  typical of la rge  tsunamigenic 
earthquakes,  then conclusions (10) to (12) m a y  be applied to tsunamis 
i n  general.  
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